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The removal of estrogenic compounds is an insightful research field in water 
and wastewater treatment due to the estrogenic effect they induce. In this 
research, selective adsorption of estrogenic compounds by molecular 
imprinted polymer (MIP) was proposed. The objective of this research was to 
synthesize a kind of qualified MIP and to study whether MIP could be 
effectively used to remove estrogenic compounds from aqueous solution and 
what factors influenced the removal of these compounds. 
 
MIP is a kind of artificially synthesized receptor. Firstly, a template molecule 
and functional monomers with functional groups complementary to those on 
templates form template molecule-functional monomer complex in solvent, or 
porogens. Secondly, cross-linkers are added and used to fix the template 
molecule-functional monomers complex in a polymer matrix. Finally, the 
initiator is added. After polymerization, the polymer synthesized undergo 
extensive extraction and template molecules are cleaved out of the polymer, 
leaving cavities whose shape, size, and chemical functional groups 
complementary to template molecules. These cavities can rebind reversibly 
and selectively template molecules and molecules with similar molecular 
structure to that of template molecules. 
 
A molecular imprinted polymer (MIP) was successfully synthesized in this 
study and used for selective removal of estrogenic compounds, estrone (E1), 
17β-estradiol (E2), 17α-ethinylestradiol (EE2) and Bisphenol A (BPA) 
 vii 
from aqueous solution. The confirmation of MIP was first carried out followed 
with the characterization of MIP. The study on the mass balance of template as 
well as template leakage revealed that almost all the template could be 
extracted out of the polymer and no template leakage could be detected in 
aqueous solution. The mass balance results of template molecule showed 
further that 2.172 mg of E2 extracted out from 125 mg MIP. In acetonitrile, 
MIP could absorb more E2 than non-template imprinted polymer (NIP) by 
more than 3.5 times. However, in aqueous solution, MIP showed reduced 
selectivity for E2 with a 10% difference in adsorption capacity between MIP 
and NIP.  
 
The adsorption isotherms of E1, E2, EE2 and BPA were studied at the 
concentration ranging from 1 ppb to 1 ppm. MIP was able to attain adsorption 
capacities of 111.7, 106.5, 121.5 and 59.4 µmole/g polymer for E1, E2, EE2 
and BPA, respectively. According to the adsorption isotherms for E1, E2, EE2 
and BPA, a physical adsorption model containing three types of binding sites, 
namely, specific binding site, semi-specific binding site and non-specific 
binding site was proposed to interpret the adsorption performance of MIP. The 
adsorption mechanisms were interpreted by a physical adsorption model in 
terms of binding affinity. The adsorption mechanisms were further confirmed 
by desorption isotherms of E1, E2, EE2 and BPA obtained from static gradient 
desorption. The kinetics of MIP adsorption was also studied. The results 
showed that within the first 15 min, the adsorption rate was fast followed by a 
gradual adsorption process until 8 h. However, the adsorption capacity of MIP 
for the four estrogenic compounds can almost reach the equilibrium. 
 viii 
According to the adsorption isotherms and the template molecule’s mass 
balance, an experimental concept, selective adsorption ratio (SAR), was 
proposed to assess how many template molecules extracted out of MIP could 
create selective binding sites in MIP. The SAR is expressed as a ratio of the 
amount of the template molecules which could create selective binding sites in 
MIP to all the template molecules extracted out of MIP. This concept links the 
selective adsorption capacity of MIP with the total amount of template 
molecules extracted. It could serve as an indicator of the selective adsorption 
capacity of MIP. SARs of different MIPs may be compared to further improve 
the synthesis of MIP. The SAR of the MIP used in this study was 16.9, 74.3, 
26.8 and 14.2% for E1, E2, EE2 and BPA, respectively. 
 
In this study, the effects of environmental factors, including humic acid (HA), 
pH, ionic strength and the coexistence of competing estrogenic compounds, on 
the adsorption of four typical estrogenic compounds, estrone (E1), 17-
βestradiol (E2), 17α-ethinylestradiol (EE2) and Bisphenol A (BPA), were 
studied by molecularly imprinted polymer (MIP). The adsorption capacities of 
MIP for E2 were 116.3, 118.5, 127.0 and 109.0 µmole/g at HA concentrations 
of 0, 5, 15 and 20 mg/L in total organic carbon (TOC), respectively, while the 
corresponding adsorption capacities of non-template imprinted polymer (NIP) 
for E2 were 98.1, 109.4, 113.8 and 98.0μmole/g. This implied that no 
significant trend could be found with the increasing HA concentrations. 
Furthermore, the selective adsorption capacity, represented by the difference 
in adsorption capacities between MIP and NIP, was not affected significantly. 
Similar observations were noted for E1, EE2 and BPA in the presence of HA. 
 ix 
Ionic strength did not exert a considerable influence on the adsorption 
capacities of MIP and NIP for E1, E2 and BPA. However, at 0 mM of NaCl, 
EE2 adsorption capacities of MIP and NIP were 124.7 and 111.7μmole/g, 
respectively, while the corresponding adsorption capacities were 144.7 and 
138.2 μ mole/g at 10 mM of NaCl due to the increased hydrophobic 
interactions. Nevertheless, the selective adsorption capacity was not 
significantly affected by range of ionic strength tested in this study. The study 
demonstrated that there was no significant effect of pH on the adsorption 
capacity of both MIP and NIP from pH 3.1 to 9 and that no considerable effect 
of pH on selective adsorption capacity of MIP could be established. However, 
the adsorption capacities of MIP and NIP for E2 at pH 9 were 95.1 and 82.9μ
mole/g while at the pH 11, the adsorption capacities were 12.1 and 5.9μ
mole/g correspondingly. This means adsorption capacity and selective 
adsorption capacity were influenced significantly due to the ionization of 
target compounds. Similar trend was observed for E1, EE2 and BPA. Study on 
the effect of coexistence of competing estrogenic compounds demonstrated 
that selective adsorption capacities of MIP can be influenced. Differences 
between MIP and NIP for E1, E1, EE2 and BPA under competing conditions 
were 8.8, 6.8, 10.2, and 4.2 µmole/g, respectively, while the corresponding 
differences were 12.6, 18.2, 13.0, and 9.8 µmole/g when adsorbed 
individually. 
 
The immobilization of MIP and NIP was performed with PVA-boric acid in 
order to carry out the regeneration of MIP. The immobilization had no 
influence on the adsorption capacity of MIP but facilitated the separation of 
 x 
MIP and the solution containing residual estrogenic compounds. The 
regeneration of immobilized MIP was performed with the mixture of methanol 
and ultra-pure water in the volume ratio of 1 to 1. The results showed the MIP 
can be effectively regenerated with thee batches of regeneration and, the MIP 
can be used at least 6 times without losing removal efficiency after 
regeneration. 
 
Keywords: Selective Adsorption, Molecularly Imprinted Polymer (MIP), 
Molecular Recognition, Estrogenic Compounds, Selective Adsorption Ratio 
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Chapter 1 Introduction 
1.1 Background 
Micro-pollution is a current concern in environmental protection due to the 
problems of chemical safety. Chemical safety in aqueous environment means 
the short term or long term adverse effects of chemical contaminants on the 
organisms which are exposed to them. Endocrine disruption, a toxicological 
issue, is one kind of micro-pollution in aqueous environment. This issue is 
induced by endocrine disruptor compounds (EDCs) in environmental media. 
To date, lots of chemicals have been identified as endocrine disruptors. These 
include natural steroids, such as estrogens and phytoestrogens, and synthetic 
compounds, the so-called exogenous estrogenic compounds including 
bisphenols, phthalates, surfactants, pesticides and polyaromatic compounds 
(Birkett et al.,, 2003). Most of these pollutants possess some common 
properties such as toxicity and trace concentration as low as ng/L. 
 
Among the EDCs, estrogenic compounds, mainly natural steroids and some 
synthetic estrogenic compounds such as 17β-estradiol (E2), estrone (E1), and 
17α-ethynylestrodiol (EE2) are main concerns because they can result in 
estrogenic effect, one of typical endocrine disruption phenomina (Lintelmann 
et al., 2003). The estrogenic effect is derived from the hypothesis that normal 
functions of endocrine systems in organisms, including human being, could be 
adversely affected by estrogenic compounds. A well known case, for example, 
 2 
is that some male fishes which exposed to these pollutants may undergo 
feminization. Estrogenic compounds have different potential of estrogenic 
effect. For example, E2, usually has 2~3 orders of magnitude of estrogenic 
effect higher than that of other estrogenic compounds.  
 
Estrogenic compounds can enter the bodies of organisms though the ways of 
bioaccumulation and biomagnification. The molecular mechanism of the 
estrogenic effect depends on the molecular structure of estrogenic compounds, 
almost all of which have a phenolic benzene-ring. With this particular 
molecular structure, estrogenic compounds can bind with the natural estrogen 
receptors (ERs) in the organism’s body, and consequently interfere with the 
normal binding of hormones generated by the body with ER. So far, more and 
more evidences of malfunction of organisms are considered to be related to 
estrogenic compounds although direct evidences and clear mechanism of 
estrogenic effect still need to be revealed (Birkett et al.,, 2003). Generally, the 
most potent compounds resulting in estrogenic effect are steroid chemicals, 
which have similar molecular structure. 
 
Due to the adverse estrogenic effects and the problem of estrogenic effect 
induced, research and investigation on endocrine disruption have been 
extensively carried out (Ternes et al., 1999a; Ternes et al., 1999b; Keith  et al., 
2000; Fred et al., 2002; Anders  et al., 2003; Birkett et al.,, 2003; Braun et al., 
2003; Dscenzo et al., 2003; Lintelmann et al., 2003; Nakashima et al., 2003; 
Valerie  et al., 2003; Adriano et al., 2004; Hernando et al., 2004; Liu et al., 
2004; Marina et al., 2004; Liu et al., 2005 and Servos et al., 2005). Firstly, 
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detection methods of estrogenic compounds were developed due to the fact 
that endocrine disruptors were distributed among complicated matrix and 
present at level of ng/L. Secondly, source and distribution of estrogenic 
compounds as well as the fate of estrogenic compounds in environmental 
media were studied. Thirdly, the treatment of these chemicals in environment 
and treatment process were also researched extensively. Finally, estrogenic 
effects were investigated qualitatively and quantitatively with the aim to reveal 
the potential effect of a certain estrogenic compounds. 
 
Generally, most of estrogenic compounds in environmental media such as 
wastewater, receiving waters and discharged sludge are at trace concentration 
level, ng/L. They are present in complex environmental matrix containing 
many compounds which can interfere with the analysis of estrogenic 
compounds. Therefore, a precondition for the study on estrogenic compounds 
is the chemical detection, and the analysis of endocrine disruptors requires 
instruments with high sensitivity. For instance, GC-MS, LC-MS, or LC-MS-
MS were employed in the analysis of estrogenic compounds (Hernando et al., 
2004 and Li et al., 2000). With these established detecting methods, the fate 
and behaviour of these estrogenic compounds can be studied.  
 
From the viewpoint of wastewater treatment, the biological treatment, which is 
the most important treatment process of wastewater, has been studied 
extensively in removing estrogenic compounds (Ternes et al., 1999a; Ternes et 
al., 1999b; Korner et al., 2000; Fred et al., 2002; Anders et al., 2003; 
Hemming et al., 2004 and Urase et al., 2005). It is generally recognized that 
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biodegradation, adsorption by biomass and the volatilization in bioreactors can 
help to remove estrogenic compounds to some extent (Birkett et al.,, 2003). 
Unfortunately, the estrogenic effect of the effluent is still appreciable because 
estrogenic compounds cannot be removed completely. Other than biological 
treatment, advanced oxidation such as photodegradation, membrane retention 
and adsorption are also employed to remove these compounds.  
 
The removal efficiency of photodegradation treating estrogenic compounds 
depends on the time, UV intensity employed as well as environmental factors 
(Birkett et al.,, 2003, Coleman et al., 2004; Liu et al., 2004 and Lau et al., 
2005). However, due to the refractory property of estrogenic compounds, 
estrogenic effect still remains after the photodegradation although this 
interaction can destroy estrogenic compounds with some effectiveness. 
Compared with photodegradation, membrane retention can remove most of the 
estrogenic compounds (Nghiem et al., 2002a; 2002b and Thomas et al., 2002). 
The removal of estrogenic compounds by membrane retention relies on the 
interactions between the membrane material and the physicochemical 
properties of target compounds. However, this process is not cost-effective. 
Adsorption is also considered as one of the choices for the removal of 
estrogenic compounds because adsorption is suitable for the removal of 
substances with both trace concentration of target compounds and 
hydrophobic property (Birkett et al.,, 2003; Ying et al., 2003 and Zhang et al., 
2005). However, competing substances in water stream, such as natural 
organic matters (NOMs), will influence the adsorption of estrogenic 
compounds because NOMs will consume most of the adsorption capacity, and 
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as a result, the removal efficiency for the target estrogenic compounds can be 
adversely influenced (Zhang et al., 2005 and Fukuhara et al., 2006). It was 
even proposed to develop activated carbon which is not susceptible to 
competing substances. 
 
In short, these conventional as well as advanced wastewater treatment 
processes cannot remove all the estrogenic compounds. Accordingly, 
estrogenic effect cannot be eliminated due to those technological and cost-
effective limits. Consequently, the removal of these compounds is still a 
challenge, especially from the viewpoint of full scale engineering. Therefore, 
new advanced chemical processes and physical operations need to be 
established.   
 
One of the promising ideas for the removal of estrogenic compounds is the 
selective removal. This is because the estrogenic effect depends fundamentally 
on the estrogenic compounds with similar molecular structure, the phenolic 
benzene-ring (Birkett et al.,, 2003). Selective adsorption of estrogenic 
compounds using biological antibody and estrogen receptor (ER) of the target 
molecule was researched by some researchers (Kuramitz et al., 2002; 
Nishiyama et al., 2002 and Urmenyi et al.,; 2005). This application had, 
however, an intrinsic disadvantage that the regeneration of antibody could be a 
problem because the activity of the antibody and/or receptor would be reduced 
after several times’ regeneration due to the harsh regeneration conditions. In 
brief, antibody and receptor are highly selective but lack stability. Therefore, if 
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estrogenic compounds with similar molecular structure can be removed, the 
estrogenic effect can be eliminated correspondingly.  
 
Molecular imprinted polymer (MIP), a kind of artificial receptor synthesized, 
is a novel adsorbent which can selectively adsorb a group of chemicals with 
similar molecular structure. In comparison to other adsorbents such as natural 
antibody and receptor, it is much more stable in terms of chemical and 
mechanical properties. So, MIP could be used to selectively adsorb and 
remove estrogenic compounds (Yan et al., 2005 and Sellergren, 2001). The 
principle of the selective adsorption of estrogenic compounds by MIP is that 
MIP can be prepared as artificial ER possessing particular binding sites which 
can recognize a group of estrogenic compounds. Thus, MIP can bind a group 
of estrogenic compounds and remove them, a process like the interactions 
between estrogenic compounds and the binding sites on natural estrogen 
receptor. Consequently, MIP can be used to selectively adsorb and remove 
such estrogenic compounds based on molecular recognition.  
 
The feasibility of using MIP to remove estrogenic compounds has been 
demonstrated (Ye et al., 1999; Bravo et al., 2005; Meng et al., 2005; Le Noir 
et al., 2006; Le Noir et al., ,2007; Lin et al., 2008 and Yu et al., 2008). 
However, more selective adsorption performance of MIP should be done in 
removing trace estrogenic compounds. For example, the adsorption isotherms 
of typical estrogenic compounds should be established. The adsorption 
kinetics of uniform micro-sized MIP should be investigated due to the small 
diffusion distance of target compounds in the interior of MIP. What is more 
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important is that the removal mechanism of estrogenic compounds in water by 
MIP is still unrevealed thoroughly, especially in terms of the binding affinity 
between target estrogenic compounds and MIP. In addition, only limited 
research has to date been done to evaluate the effect of environmental factors 
on the selective adsorption capacity of MIP in water and wastewater treatment 
field (Bravo et al., 2005; Le Noir et al., 2007; Lin et al., 2008 and Yu et al., 
2008). Therefore, in this research, selective adsorption of estrogenic 
compounds by molecular imprinted polymer (MIP) is proposed to selectively 
adsorb and consequently remove target estrogenic compounds from aqueous 
solutions.  
1.2 Objective and scope of this study 
The objective of this research is to study whether MIP can effectively remove 
estrogenic compounds from aqueous solution and what factors influence the 
removal of these compounds. The target estrogenic compounds employed in 
this research were Estrone (E1), 17β-estradiol (E2), 17α-ethynylestradiol 
(EE2) and Bisphenol A (BPA). Specifically, the objectives in this study were: 
(1) to explore the feasibility of using MIP to remove estrogenic compounds; 
(2) to study the adsorption performance and characteristics of MIP when 
removing target estrogenic compounds; (3) to investigate the effects of 
influencing factors on the MIP adsorption; (4) to study the regeneration of 
MIP synthesized with precipitation polymerization; and (5) to reveal the 
mechanisms of MIP adsorption. With the research scope above, it could be 
seen that this study has both practical and theoretical significance. Practically, 
this study provides a promising choice for the elimination of estrogenic 
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compounds as well as the estrogenic effect from aqueous solutions. 
Theoretically, this research raises a brand-new idea about water treatment. 
That is the removal of target estrogenic compounds based on molecular 
recognition, instead of the broad spectrum removal of target pollutants in 
water involved in the conventional treatment such as biological treatment and 
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The main originalities of this study are specified as follow: 
 The fundamental adsorption performance of MIP for four target 
estrogenic compounds would be demonstrated.  
 The kinetic performance of selective adsorption of the target estrogenic 
compounds by uniformly sized MIP though precipitation 
polymerization will be illustrated.  
 Effects of environmental factors, including HA, pH, ionic strength and 
competing substances on the selective adsorption of MIP for target 
estrogenic compounds can be shown.  
 Based on the research above, selective adsorption mechanisms study 
will be preformed. By comparing the MIP/NIP adsorption capacity 
difference and the amount of template molecules extracted, the 
imprinting effect of MIPs could be evaluated quantitatively. In addition, 
the mechanisms regarding the binding affinity could be revealed. 
 Finally, the regeneration efficiency of MIP used in this study will be 
shown and stable chemical and mechanical property of MIP will be 
demonstrated. 
In brief, this study would reveal the overall performance of uniformly sized 









Chapter 2 Literature review 
2.1 Micropollution and Endocrine disruption 
Micro-pollution control is a current concern in environmental protection and 
has raised the problem of chemical safety due to their adverse effect on 
environmental media and ecology. Pollutants resulting in micro-pollution 
usually have some common properties such as toxicity at low or trace 
concentration level. The conventional wastewater treatment process can not 
remove all of these chemicals. This is because current processes, especially 
the secondary biological treatment, are partially artificial simulations of 
environmental-self cleaning occurring in nature. Various physico-chemical 
interactions undergone by these pollutants can only convert and separate them 
from wastewater streams with different efficiencies. It can be said that micro-
pollution control is a current challenge for environmental scientists and 
engineers. Therefore, some advanced chemical processes and physical 
operations are needed.  Micro-pollution control is also closely relevant to 
water reuse, an inherent requirement of sustainable development and water 
crisis. The control of it would ultimately determine in a large degree the 
choice of wastewater treatment system.  
 
Endocrine disruption, a toxicological issue, belongs to the category of micro-
pollution. This term was raised formally in the early of 1990s although its 
story can be traced up to the middle of the last century. This term derived from 
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a hypothesis that endocrine systems of organisms could be adversely affected 
by such endocrine disruptors as natural chemicals or exogenous chemical 
products, the so-called agonistic or antagonistic effect. Many facts have 
suggested that normal functions of organism can be harmed by these 
chemicals. But the direct evidences and clear mechanism of endocrine 
disruption still need to be confirmed due to the complex essence of endocrine 
disruption. There are a few definitions of endocrine disruptors up to now, 
which do not in accord with each other completely. A definition by U.S.EPA 
is given below (Birkett et al.,, 2003): 
 
‘An endocrine disrupter is an exogenous agent that interferes with the 
synthesis, secretion, transport, binding, action, or elimination of natural 
hormones in the body that are responsible for the maintenance of homeostasis, 
reproduction, development, and/or behavior.’ 
 
Endocrine disruptors, unlike extremely toxic substances, can be accumulated 
in the body of an organism and can be magnified though food chain. So, the 
adverse effect may appear in the long term. Therefore, it is necessary to 
investigate the specific biological effect of those EDCs on organisms in order 
to establish the corresponding discharged limitation for them.  
 
As for the investigation of biological effect, there are some environmental 
EDC programs, which should be mentioned. A well-known one is the 
EDSTAC OF U.S.A, endocrine disruptor screening and testing of pesticides 
and other chemicals for their potential to act as EDC. It is composed of 
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screening battery and testing battery. The main goal is to develop screening 
assay, to test the biological effect of EDC, and to identify the mechanisms 
involved. Another big research plan can be found in the global endocrine 
disruptor research inventory which is composed of almost 800 projects. These 
projects involved basic research, such as neurological, immunological and 
reproductive effect research, exposure determination, multidisciplinary 
research, hazard identification, and research on effect of EDC mixtures. It 
could be expected that these environmental EDC programs would establish 
scientific basis for the control of EDC.  
 
Among the EDCs, estrogenic compounds, mainly steroids, are main concerns. 
This group of compounds may have adverse impact on organisms, the 
estrogenic effect. Estrogenic effect has gained increasing concern. The 
investigation of the fate of these compounds is extensively carries out and new 
treatment approaches have been suggested and tried to handle with these 
estrogenic compounds. For example, treatment processes such as secondary 
biological treatment, adsorption, advanced oxidation and membrane 
interception were used to remove these compounds. But it had to be said that 
the removal of them is still a big challenge, especially from the viewpoint of 
full scale engineering. As a new method, the basic characteristic of MIP is its 
selective adsorption, which can be used as a kind of adsorbent based on 
molecular recognition. The molecular recognition usually involves particular 
functional group, molecular size and conformational structure. For current 
MIP technique, unlike the molecular recognition between antigen and 
antibody, the conformational structure has not been involved. So the selective 
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adsorption of estrogenic compounds using MIP is based on particular 
functional group and molecular size. As a result, the research on MIP can 
reveal whether MIP can be used to remove estrogenic compounds, what are 
the advantages and disadvantages using MIP to remove target compounds, and 
which aspects of properties of MIP should be improved.  
 
2.2 Categories and properties of estrogenic compounds 
A precondition for the understanding of EDCs is to know the categories and 
properties of EDCs in environmental media. To date, many kinds of 
compounds have already been found having estrogenic effect. Compounds 
resulting in estrogenic effect are termed as estrogenic compounds. Some of 
them are naturally produced hormone such as steroid estrogens, 
phytoestrogens, and so on. However, artificially synthesized chemicals also 
show the potential of estrogenic effect, including organic compounds such as 
bisphenols, phthalates, surfactants, polychlorinated compounds, pesticides, 
and polyaromatic compounds, the so-called exogenous estrogenic compounds 
(Birkett et al., 2003). Most potent estrogenic compounds are steroid chemicals 
such as 17β-estradiol (E2), estrone (E1), and 17α-ethynylestrodiol (EE2) 
(Lintelmann et al., 2003). This is because estrogenic compounds can bind with 
natural endocrine acceptors (ERα  or ERβ ) most efficiently and induce 
corresponding response. E2, for example, usually have 2~3 orders of 
magnitude higher estrogenic activity than other estrogenic compounds. Some 
chemicals with similar molecular structure to steroid, BPA for example, also 
have relatively high estrogenic capacity (Hernando et al., 2004). With the 
extension of research, it is highly possible that new substances with estrogenic 
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effect would be tested and identified, especially for those artificially 
synthesized chemicals. Some basic properties of target estrogenic compounds 
are shown in Table 2-1. Fig. 2-1 shows the molecular structures of four typical 
compounds.  
Table 2-1 Properties of target estrogenic compounds. 
 












17β-estradiol   272.4 12.96 3.94 3.64×10-11 
Estrone     270.4 12.42 3.43 3.8×10-10 
17α-ethynylestrodiol   296.4 4.83 4.15 7.94×10-12 
Bisphenol A
 
 228.3 120 3.40 1×10-11     
 a, Birkett et al., (2003) 
b, Ujang  et al., (2004) 
 
According to Fig.2-1, it can be seen that all these estrogenic compounds have 
a common characteristic in molecular structure, the phenolic benzene-ring. 
Actually, the phenolic benzene-ring is essential for the binding of estrogenic 
compounds with ER (Birkett et al.,, 2003). The relative positions of a phenolic 
hydroxy (OH) group on ring A in cyclopentanophenanthene ring were 











































Fig. 2-1 Molecular structures of some estrogenic compounds. 
Generally, compounds with Log (Kow) value lower than 2.5 means low 
sorption potential, and the value greater than 4.0 shows a high sorption 
capacity. Thus, E1, E2, and EE2 have a relatively higher tendency to be 
adsorbed on solids particles, instead of existing in aqueous phase, which 
would influence their distributions in wastewater. In comparison, BPA has a 
relatively high solubility in aqueous solution. Henry constant can reflect the 
potential of a compounds existing in air, and the higher the constant, the 
higher the concentration of a compound in the air. According to Table 2.1, it is 
known that E1, E2, EE2 and BPA have low potential to volatile. In brief, the 
four target compounds could be more easily found on the surface of solid 
phase in aqueous solution. 
2.3 Sources and distribution of estrogenic compounds 
The generation and transportation of EDCs in environmental media is shown 














Fig. 2-2 Schematic diagram of generation and transportation of EDCs. 
 
According to Fig. 2.2, it is noted that domestic wastewater is an important 
source for estrogenic compounds due to the human’s excreta and consumption 
of medicine containing steroid such as EE2. Excretion of livestock can also 
contribute part of those natural estrogens though point source and non-point 
source pollution. Most of synthesized compounds with estrogenic effect come 
from industrial wastewater discharge or industry solid waste. The distribution 
and estrogenic effects of estrogenic compounds were investigated in various 
environments such as river, aquifer, estuary, and seawater, and it was found 
that sediments in water phase play an important role in distribution and 
transportation of endocrine disruptors, especially for those compounds with 
high hydrophobicity (Table 2.1) (Birkett et al.,, 2003; Boyd et al., 2004; 
Bowman et al., 2002 and Ying et al., 2002).  
 
Domestic wastewater  
Agriculture runoff  
Urban runoff  
WWTP 
Aquatic environment: surface water, 
underground water, river, sea water, 
sediments in receiving water 
Waterworks 






Pollutants   
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Many research supported that the effluent of WWTP is one of the main 
sources of endocrine disruptors (Birkett et al., 2003). From the viewpoint of 
wastewater treatment, the endocrine disruptors in the influent cannot be 
removed completely in current WWTP whose main processes involve 
biological degradation and adsorption of activated sludge. A hypothesis 
suggested that bacteria in active sludge would mainly consume ample and 
favorable nutrients in wastewater rather than degrade few trace refractory 
constituents for their growth. Therefore, trace endocrine disruptors may be 
discharged into receiving water. Once into the environmental water body, 
these substances are further subjected to a series of actions including 
adsorption onto various adsorbents, biotransformation, and photolysis. But due 
to their intrinsic refractory, hydrophobic properties, a complicated equilibrium 
between conversion, adsorption, and distribution in aqueous environment were 
established. Accordingly, these chemicals are accessible to living organisms in 
aqueous environment receiving effluent of WWTP.  
2.4 Detection of estrogenic compounds 
2.4.1 Chemical analysis 
 
A precondition and challenge of study on estrogenic compounds is the 
chemical analysis. This is because most of estrogenic compounds in 
environmental media are present at trace concentration level, ng/L for 
example, and exist in complex matrix containing lots of compounds which 
may interfere with the analysis of target estrogenic compounds. The analysis 
of endocrine disruptors usually requires high sensitivity. Chomatography is 
useful and powerful one for the analysis of estrogenic compounds. However, 
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due to the extremely low concentration and complex matrix, the target 
compounds usually need to be extracted and concentrated before using 
chomatography technique. The solid phase extraction (SPE) was used widely 
in the concentration of trace target compounds. To date, the major analysis 
approach resorted to GC-MS (Braun et al., 2003, Petrovic et al., 2002; Jeannot 
et al., 2002 and Petrovic et al., 2003), LC-MS (Keith et al., 2004; Rodriguex-
Mozaz et al., 2004; Cargouet et al., 2004 and Yoon et al., 2003), or LC-MS-
MS analysis (Hernando et al., 2004; Li et al., 2000; Ingrand et al., 2003 and 
Lagana et al., 2004). For example, Lagana studied the estrogenic compounds 
in the influent and effluent of sewage treatment plants (STP). With the OASIS 
cartridges used in SPE and recovery of more than 80%, the median 
concentration of E1, E2, E3, BPA, NP in influent were 35, 25, 31, 334 and 
6573 ng/L, respectively, while the corresponding concentrations in effluent 
were 16, 6, 1, 32, 16 and 1649 ng/L (Lagana et al., 2004). HPLC-UV/ED was 
also employed to test estrogenic compounds quantitatively (Penalver et al., 
2004).  
 
SPE as well as elution extraction and concentration of estrogenic compounds 
were required in order to analyze these compounds quantitatively in solids 
such as sewage sludge, soils and sediment (Kuster et al., 2004 and Ternes et 
al., 2002). Using gel permeation chomatography (GPC) and SPE as cleanup 
and concentration, Ternes et al., (2002) investigated the concentrations of 
estrogenic compounds by GC/MS/MS with limit of detection (LOD) of 
estrogens down to 2 ng/g in digested and activated sludge from German STP. 
With mean recoveries of the estrogens mainly above 70% in sludge and 90% 
 19 
in sediments, estrone and 17β- estradiol were detected up to 37 ng/g and 49 
ng/g, respectively, and 17r-ethinylestradiol up to 17 ng/g. The results indicated 
that estrogens can be persistent during sludge digestion. In comparison, 
estrone and 17β-estradiol were detected up to 2 ng estrone /g, and the 
contraceptive 17α-ethinylestradiol was found with a maximum of 0.9 ng/g 
when the LOD was down to 0.2 ng/g in freshwater sediments (Ternes et al., 
2002). This demonstrated that complexity of a certain matrix would influence 
the detection of limitation. In short, the concentration and cleanup would 




Estrogenic compounds can induce estrogenic effect. However, the estrogenic 
effect induced by estrogenic compounds is different, meaning that estrogenic 
compounds have different potent regarding estrogenic effect. With the in vitro 
assay and in vivo assay, estrogenic effect can be identified qualitatively and 
even determined quantitatively (Birkett et al., 2003). 
  
In vitro assay includes a range of tests which can screen compounds cost-
effectively and rapidly. With the well-understood action modes and end-point, 
in vitro assay has been used to test estrogenic effects qualitatively and 
quantitatively with 17 β -estradiol as a reference standard. At present, 
competitive ligand binding, cell proliferation screen, and recombinant 
receptor-reporter assay are most used.  
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Competitive ligand binding is based on the primary mode of action of 
estrogens and xenoestrogens, which can bind the ER, resulting in a subsequent 
effect on biological activity. Measurements utilize the appropriate hormones, 
predominantly E2 in the case of the ER, as a control to confirm the presence of 
the receptor and to evaluate the effects of competitive binding to the receptor 
though addition of the compounds being tested. If the test compounds can 
compete with E2 for the binding sites in ER less E2 would bind the ER. This 
effect can be detected quantitatively. It is under consideration for assisting 
with the prioritization of chemicals by the U.S. EPA due to the high-thoughput 
screening (Liu et al., 2005; Oh et al., 2005; Baker et al., 2001 and Ohno et al., 
2003). However, results from different ER assays may not ensure the direct 
comparison due to different binding mechanisms (Birkett et al., 2003).  For 
example, Matthews researched the binding affinity of 44 polychlorinated 
biphenyls (PCBs) using human ERα, fish ER and reptilian ER. It was found 
that PCBs 104, 184, and 188 could bind with the fish ER with inhibitory 
concentration of 50% (IC50) ranging from 0.4–1.3 µM. In comparison, the 
same chemicals only caused a 30% displacement of [3H]E2 in human ERα 
and reptilian ER (Matthews et al., 2000). 
 
Cell proliferation screen, such as E-screen, employed MCF-7 human breast 
cancer cells to test estrogenic effect of a given compounds (Oh et al., 2000; 
Payne et al., 2000 and Korner et al., 1999). This test had a relatively high 
sensitivity based on the proliferation of special cell sensitive to estrogenic 
compounds. Less than 1ng/L 17β-estradiol can induce appreciable estrogenic 
effect. Oh et al. (2000) investigated the estrogenic activities in the river 
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environment in Korea using E-screen with combined SPE with Soxhlet 
extraction as pretreatment of river sample. The LOD by 17β-estradiol 
equivalent concentration (EEQ) of the E-SCREEN assay was 8.03 pg EEQ/L.  
It was found that the total estrogenic activity in the river water and sediment 
samples in river ranged from 0.50 pg/L to 7.4 ng/L, 3.39 pg/g to 10.70 pg/g, 
respectively (Oh et al., 2000). However, it should be cautious when comparing 
different research results because different work groups use different cell 
lines. Actually, this reflected the complexity of action mechanism of endocrine 
disruptors (Birkett et al., 2003). 
 
Recombinant receptor- reporter assay also include a few assay such as yeast-
screen (Balaguer et al., 2000; Schultis et al., 2004; Van den Belt et al., 2004 
and Legler et al., 2002). Some transfected cells are developed in order to carry 
out this assay. The mode of action is that cell was transfected with human 
estrogen receptor gene and expression plasmids with estrogen responsive 
element with reporter gene, lacZ for example.  The reporter gene encodes for 
enzyme galactosidase which can converse yellow substrate CRPG to red 
product. The estrogenic effect was determined quantitatively based on 
absorbance of the red product. Balaguer et al. (2000) monitored steroid 
activity in STP effluent as well as the sediments downstream with MCF-7 cell 
line expressing hERα, which was transfected by estrogen regulated luciferase 
plasmid. The results showed that after the SPE onto C18 cartridge, the 
estrogen activities corresponded from 5 to larger than 30 pM in effluent, 1 to 5 
pM in sediment downstream (Balaguer et al., 2000). However, it should be 
mentioned that the transfected cell would influence the sensitivity of test. For 
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example, yeast cell with thick wall may affect the entrance of some compound 
into the cell (Nishihara et al., 2000).  
 
In vitro test might produce unreliable results or prediction because some other 
receptors or non-receptor-mediated mechanism may be involved in the 
estrogenic effect. Furthermore, the metabolism in body of organism could 
influence the estrogenic activity of a compound. In this case, in vivo test can 
provide convincible results although it is time-consuming and costly, which is 
the main disadvantage. Rodent utertrophic assay is used widely (Birkett et al., 
2003 and Bjimenez 1997). The vitellogenin test is another common method 
used to determine the estrogenic effect (Parks et al., 1999; Marin et al., 2004 
and Lomax et al., 1998). 
 
In short, both in vitro assay and in vivo assay have advantages and 
disadvantages. Therefore, it should be pointed out that combination of in vitro 
and in vivo can give most reliable results with respect to estrogenic effect of a 
certain chemical.  
 
2.5 Removal of estrogenic compounds 
2.5.1 Biodegradation 
 
Since estrogenic compounds contained in the effluent of WWTP contains 
could lead to estrogenic effect, it is necessary to monitor and analyze the fate 
of estrogenic compounds in the process of WWTP and thereafter to develop 
treatment processes to remove more effectively these substances. From the 
viewpoint of water and wastewater treatment, it is generally recognized that 
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the following pathway can help remove estrogenic compounds, adsorption 
onto SS and biomass, biodegradation and transformation, chemical 
degradation and even volatilization.  
 
Fates of natural estrogen, for example E2, in sewer and WWTP were 
investigated. It was found that most of natural steroid estrogens entered 
WWTP in conjugated form, 17β-estradiol-17-glucuronide and 17β-estradiol-3-
glucuronide for example, and that deconjugation of conjugated natural 
hormone happened in sewer (Dscenzo et al., 2003). This implied that the 
deconjugation can continue and free steroid estrogens can be formed during 
the treatment. As a result, part of the estrogens, which cannot be removed, 
would be released into aquatic environment. A study in Canadian municipal 
WWTP showed that in conventional active sludge process followed by lagoon 
treatment system, E2 and E1 were reduced from average concentration of 15.6 
ng/L (2.4~26 ng/L) and 49 ng/L (19~78 ng/L) in the influent to 1.8 ng/L 
(0.2~14.7 ng/L) and 17 ng/L (1-96 ng/L) in the effluent, respectively. More 
than 75%, and as high as 98% of the E2 was removed. What should be 
emphasized is that E2 could be oxidized into E1 in the secondary treatment 
system, but further biodegradation of E1 is quite hard due to the refractory 
properties (Birkett et al., 2003 and Svenson et al., 2003). An activated sludge 
system in Rome can remove estriol, E2, E1, and EE2 with efficiency of 95, 87, 
61, and 85%, respectively (Birkett et al., 2003). However, EE2, as a refractory 
synthetic hormone, only undergo little degradation although EE2 has relatively 
high removal efficiency though adsorption by activated sludge. Research 
showed that BPA could be removed in activated sludge system though 
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biodegradation. A removal efficiency of BPA as high as 99% could be 
obtained and the acclimation time required for the BPA biodegradation was 
short (Birkett et al., 2003).  
 
It is known that adsorption and biodegradation in WWTP are usually the two 
main removal mechanisms for the removal of estrogenic compounds because 
these substances have a low Hc and low potential to be volatilized though air 
stripping. However, which one plays a more important role depends on the 
comprehensive interactions between properties of estrogenic compounds and 
conversion driving force in treatment system. 
 
A study on the estrogenic effect in a Germany WWTP demonstrated that 90% 
of estrogenic effect was reduced after treatment while only 3% of the 
estrogenic effect was found in the sludge, which suggested that most of the 
estrogenic effect is reduced by degradation, instead of the adsorption. 
However, there are some evidences that a higher SS concentration would 
result in higher removal of estrogens. Activated sludge provides a large 
surface area. EDCs can preferentially adsorb onto it due to their hydrophobic 
and lipophilic properties (Urase et al., 2005). A study in Japan showed that 
highest estrogenicity was found in sludge, instead of effluent, which contained 
very low E2 concentration and the estrogenicity in aqueous solution decreased 
by about 1000 times after treatment (Birkett et al., 2003). This suggested that 
estrogens accumulated in sludge phase and passed though the treatment 
system.   
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Removal of estrogenic compounds would be influenced by types of treatment 
processes. It is found that activated sludge process was usually more efficient 
in the removing estrogenic effect than attached-growth system such as biofilter 
(Birkett et al., 2003). Activated sludge with nitrifying capacity had stronger 
capacity to remove estrogenic chemicals. This might be due to co-metabolism 
and relative longer SRT (Clara et al., 2005 and Vader et al., 2000). This 
suggested that more complex microorganism community in sludge could 
remove more effectively estrogenic compounds. In order to degrade estrogenic 
compounds more efficiently, some pure special microorganism were even 
tried to degrade estrogens (Tamagawa et al., 2005 and Xu et al., 2004). 
 
The HT and SRT of activated sludge system can also affect the removal of 
estrogenic compounds. For example, removal efficiencies of E1 and E2 would 
increase from 64 to 94% and 92 to 98%, respectively, with the increase of 
SRT from 6 d to 11 d at temperature 13~15
o
C and HT of 18h. A biological 
degradation model was established to describe the kinetic parameters of 
degradation of E1, E2, and EE2. This research also showed that degradations 
of E1 and EE2 depended on the redox conditions (Joss et al., 2004).  
  
In short, current wastewater treatment system can reduce estrogenic 
compounds to some extent with the concentration of estrogenic compounds in 
the effluent at level of ng/L. Unfortunately, estrogenicity of the effluent were 
appreciable although many estrogenic compounds such as E1, E2, and EE2 are 
at concentration level of ng/L (Servos et al., 2005; Korner et al., 2000; Ternes 
et al., 1999a and Ternes et al., 1999b). For example, a study from Japan 
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showed that E2 account for 34% of the estrogenic effect in raw sewage but 
contribute total estrogenic effect of the final effluent after activated sludge 
treatment. This suggested that human estrogens may be the major estrogenic 
compounds in some cases. Estrogenic activity of effluent from WWTP was 
widely evaluated (Hemming et al., 2004). A study in Swedish secondary 
treatment plant showed that, with a YES screen assay, the concentration of 
estradiol equivalents /L can be reduced from 1~30 ng/L in raw sewage to 0.1-
15 ng/L in the effluent (Svenson et al., 2003). The study also revealed that 
estrogenic effect was found in a river receiving the discharged effluent ranging 
3.5~35 km downstream from the outlet of a sewage treatment plants. Another 
investigation of WWTPs with predominantly domestic input showed that 
effluent of the plants had estrogen equivalent values of 23~123ng/L E2 
equivalents based on E2 concentration-Vtg response curve (Tilton et al., 
2002).  
 
Except research on the fate of estrogenic compounds in WWTPs, other 
processes, including advanced oxidation, membrane retention, and adsorption 
were also employed to remove these compounds, especially, in drinking water 
treatment and water reuse. 
2.5.2 Advanced oxidation 
 
It is known that advanced oxidation is one of preferred treatment process for 
the removal of trace and refractory pollutants. Therefore, advanced oxidation 
is employed to treat estrogenic compounds due to their persistent properties. 
Photolysis, photocatalytic oxidation and ozone oxidation were extensively 
employed to degrade estrogenic compounds (Birkett et al., 2003; Liu et al., 
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2004; Coleman et al., 2004; Li et al., 2004 ;Nakashima et al., 2003 and Lau et 
al., 2005).  
 
The direct photolysis of E1 and E2 in aqueous solutions was studied. The 
photolysis of E2 of 3 ppm occurred under irradiation with UV disinfection 
lamp (λ=254nm, 30W) while E1 of 3 ppm undergo degradation under 
irradiation with high-pressure mercury lamp ( λ≥ 365nm, 120W). The 
oxidation of E2 and E1 at concentration of 3.0 ppm was in accordance with 
pseudo-first-order and the rate of oxidation decreased with increasing initial 
concentration. The photolysis resulted in the breakage and oxidation of 
benzene ring, and the products were compounds containing carbonyl groups. 
In comparison, no photodegradation of E2 was observed for only UV 
irradiation (λ=359nm, 2*20W) while E1 can be degraded by 20% with only 
UV irradiation (λ=359nm, 2*20W). This may be due to the different UV 
intensity (Tanizaki et al., 2002). 
 
Advanced oxidation involving titanium dioxide catalyst demonstrated that the 
degradation rate of EDCs was much higher than the direct photolysis 
(Coleman et al., 2004). With the recombination yeast assay as measuring 
method, it is found that the estrogenic activity of E1, E2, and EE2 in aqueous 
solution could be reduced by 50% within 10 min by UVA photocatalysis with 
immobilized titanium dioxide as catalyst when the initial concentration of the 
thee compounds was 10 μg/L. The degradation rates for the thee compounds 
followed pseudo-first-order kinetics. Mechanisms of degradation may occur 
via extraction of the benzylic hydrogen to form the CH· radical, which 
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combines with oxygen, or via attack of the hydroxyl group to form the 
quinine. In comparison, 10
-6
 M of E2 in water was totally mineralized in 1.0 
g/L TiO2 suspension under UV irradiation (λ =365nm, 200W) for 3 h 
(Oshihisaohko et al., 2002). In the control experiments without TiO2 catalysis, 
the rate of UVA degradation of the thee compounds varied. The degradation 
was most effective for EE2 followed by E1 and was least effective for E2. 
This research revealed that UV degradation may help remove estrogenic 
compounds in drinking water because some water treatment plant employ UV 
radiation for disinfection. Advanced oxidation would destroy first the 
functional groups on the estrogenic compounds due to the solid structures of 
cyclopentanophenanthene ring. This suggested that the estrogenic activity 
should be almost lost concurrently with the initiation of the photocatalytic 
degradation because this part is essential functional groups to bind with the 
estrogen receptor. BPA, as a typical estrogenic compound, was also 
researched extensively. Under the interaction of UV and TiO2, a complete 
mineralization could occur within 20 min (Birkett et al., 2003).  
 
Except the oxidant dose and contact time, advanced oxidation was influenced 
by various environmental factors such as pH, and non-target substances such 
as NOM. For example, study on the effect of pH demonstrated that the 
photolysis rate of E1 and E2 was enhanced with the increase of pH over 
2.0~8.0 with the highest photolysis rate at pH 8.0 (Liu et al., 2003). 
Furthermore, within complex environmental samples, competing substances 
such as NOMs may influence the photodegradation of target estrogenic 
compounds. This is because advanced oxidation is usually a kind of broad 
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spectrum oxidation and would attack substances in water without selectivity 
(Xu et al., 2008). 
 
Ozone oxidation was also involved in the oxidation of EDCs and showed the 
potential in removing estrogenic compounds (Birkett et al., 2003). Ozone 
oxidation also depends on the ozone dose, contact time and pH value. 
However, the daughter products may needs to be identified for their toxicity 
and estrogenic effect although the EDCs can be removed to some extent.  
 
In short, advanced oxidation can degrade EDCs effectively. Photodegradation 
depended on the time, UV intensity, and whether catalyst was employed. 
Environmental factors such as pH would influence the degradation of EDCS. 
Current research also revealed that pseudo-first-order kinetics could occur in 
degradation. Due to the stability of benzene ring, the functional group on the 
steroid compounds would be attacked first. However, the resultant products 
might possess estrogenic effect. It should also be mentioned that the initial 
concentration of estrogenic compounds used in most of research was higher 
than reported environmental levels, so the degradation rates may be different if 
concentration of target compounds in environmental media are considered.  
2.5.3 Membrane retention 
 
Membrane technology is widely used to remove pollutants in water treatment. 
Nanofiltration (NF) and reverse osmosis (RO) are mainly employed to remove 
estrogenic compounds due to the high interception efficiency (Wintgens et al., 
2002; Nghiem et al., 2002a and Nghiem et al., 2002b) and they could remove 
natural estrogenic compounds and a wide range of other EDCs effectively. 
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The mechanism involved in the membrane retention depends on both 
properties of membrane and target substances as well as the target 
compounds-membrane interaction. Adsorption and the steric exclusion 
dominated the major mechanism of removal according to a study on the 
removal of E1 by RO membranes (Nghiem et al., 2002a). For membranes of 
higher membrane resistance, the diffusion of E1 controls the rate of E1 
transfer across the membrane and steric exclusion is responsible for the 
separation because the pore size of the membrane with higher membrane 
resistance is smaller than the molecular size of E1. In contrast, adsorption 
governs the retention of E1 by membrane of lower membrane resistance in the 
early stage of filtration. Hydrogen bonding between the hydroxyl group on E1 
and aromatic group on membrane is the main interacting mechanism. 
Transport of E1 across the membrane depends on the rate of formation of 
hydrogen bonding and desorption of E1 from the permeate side of the 
membrane. Once the adsorption capacity was consumed up, a breakthough of 
E1 occurred, which means that the membrane may serve as a large reservoir 
for EDCs (Nghiem et al., 2006). Similar separation mechanism with NF and 
low pressure RO membrane was obtained in the removal of estradiol 
(Nghiema et al., 2004). 
 
Environmental factors would influence the removal efficiency. For example, 
pH may be an important factor influencing the adsorption of E1 onto 
membrane (Nghiem et al., 2002b). For the membrane with high resistance and 
small pore size, the influence of pH was not prominent because the steric 
exclusion dominated the separation. For the separation with adsorption as 
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major mechanism, the influence of pH can not be neglected because the pH 
would influence the interaction of target compounds-membrane. For example, 
the retention decreased when pH was higher than 10.5, pKa value of E1. The 
effect of ionic strength on the E1 adsorption was negligible. These results 
revealed that the chemical properties of membrane and physicochemical 
interactions within the membrane played a key role in the separation.  
 
The presence of organic matter, NOM for example, in solution can influence 
the retention of estrogenic compounds because these organic substances could 
interact with target estrogenic compounds and membrane. Moreover, NOMs 
of low molecule weight may consume some adsorption capacity of membrane, 
which may be an adverse effect on the removal of target estrogenic 
compounds. The NF separation of hormone mimicking trace organic 
contaminants, nonylphenol (NP) and bisphenol A (BPA) was investigated 
(Nghiem et al., 2005). It was found that the ionic strength could influence the 
removal of NP and BPA with the presence of NOM. This is because that ionic 
strength may play a significant role in solute-solute and solute-membrane 
interactions and resulted in increased retention due to partitioning of the 
hormone mimicking compounds onto organic matter at a higher ionic strength. 
 
In short, the dominant rejection mechanism for RO/NF membranes depends 
on specific membrane material and the physicochemical properties of target 
compounds. Better understanding of this aspect could lead to development of 
new membrane materials for better rejection of estrogenic compounds 
(Kimuraa et al., 2004). However, membrane technology so far is not a cost-
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effective process regarding the large scale engineering. In other words, 
economic restraints would be limiting factor for its application in removing 
trace estrogenic compounds.  
2.5.4 Adsorption 
 
Adsorption is widely used to remove refractory trace compounds with a high 
potential of adsorption. Actually, adsorption is even advocated by USEPA and 
National Primary Drinking Water Standards for the removal of EDCs with 
trace concentration.  
 
Conventional adsorption in water and wastewater treatment is based on broad 
spectrum adsorption. A case in point is the employment of activated carbon 
adsorption. Batch adsorption was utilized to study the adsorbability of E1 and 
E2 in pure water with activated carbon in batch mode. With the equilibrium 
concentration of 1 µg/L, the amount of E1 and E2 adsorbed was in the range 
of 25.6~73.5 mg/g and 21.3~67.6 mg/g, respectively. The different adsorption 
capacities depended on the hydrophobicity of target compounds, specific area 
and pore size of active carbon and difference in the adsorbability of E1 and E2 
(Fukuhara et al., 2006). The fact that more E1 can be adsorbed than E2 could 
be due to the different adsorbability.  E1 has a lower hydrophobicity than that 
of E2 (Table 2.1). 
 
In a research, the adsorption equilibriums of estrogenic compounds with 
different adsorbents, including granular activated carbon (GAC), 
carbonaceous adsorbent, ion exchange and chitin, were explored (Zhang et al., 
2005). It was found that GAC had a high adsorption capacity for E2 and E1, 
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with the maximum adsorption constant of 9290 ml/g for E1 and 12200 ml/g 
for E2. However, carbonaceous adsorbent has the highest adsorption capacity 
for E1 and E2, with adsorption constants of 87500 ml/g for E1 and 116000 
ml/g for E2.  
 
Researcher also investigated the sorption and degradation of five endocrine 
disruptors, 4-n-NP, 4-T-OP, EE2, E2 and BPA in aquifer material (Ying et al., 
2003). The binding tendency of the five compounds on the sediment in aquifer 
was in a decreasing order: 4-n-NP>4-T-OP>EE2>E2>BPA. Similarly, 
pharmaceutical EE2, a typical hydrophobic molecule, showed a strong 
tendency to be adsorbed onto hydrophobic medium (Lorphensri et al., 2006). 
Effective removal of estrogenicity of fossil fuel industrial wastewater by 
powder activated carbon was also demonstrated (Chen et al., 2004). Kovalova 
et al. (2008) combined adsorption of powdered activated carbon and 
nanofiltration (NF) to remove EE2 and BPA. After 6 h adsorption time, the 
adsorption capacities for EE2 and BPA were around 4.5 and 2.0 µg/mg, 
respectively. 
 
The effects of environmental factors on the adsorption of estrogenic 
compounds were also studied. Humic acid and surfactants would lead to 
decreases adsorption capacity of target compounds (Fukuhara et al., 2006). 
Logically, Humic acid and surfactants could consume some of the adsorption 
capacity of adsorbent. However, the decreased adsorption may also be due to 
the ability of surfactants enhancing the solubility of E1 and E2 and the ability 
of humic acid to form complex with E1 and E2. In addition, pH would 
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influence the adsorption of E1 onto GAC, with the higher adsorption constant 
above pH 8.  
 
Generally, adsorption might be a preferable choice for the removal of 
estrogenic compounds due to both trace concentration of target compounds 
and hydrophobic effect, especially when activated carbon was used. The 
removal of estrogenic compounds depended primarily on the properties of 
both EDCs and adsorbent. Environmental factors and competing substances 
such as NOM would influence the adsorption. 
 
The adsorption mentioned above is broad-spectrum adsorption without 
selectivity. But if some particular target compounds with similar molecular 
structure are to be removed, the broad spectrum would have some limitations. 
This is because some other competing compounds might be adsorbed as 
priority adsorbate and the effective adsorption capacity could be consumed 
resulting in low adsorption capacity for target compounds. Consequently, 
adsorption of target compounds would be interfered with adversely. It is well 
known that NOMs can be adsorbed by activated carbon easily. So, the 
adsorption capacity of activated carbon might be consumed significantly, 
which may influence the adsorption of target compounds (Fukuhara et al., 
2006 and Zhang et al., 2005). 
 
So far, conventional processes were reviewed in the removal of estrogenic 
compounds. From the viewpoint of water and wastewater treatment, 
conventional treatment processes has a typical characteristic, the broad 
 35 
spectrum removal or interaction. However, broad spectrum consists of 
numerous specific interactions. Logically, if target pollutants in a matrix could 
be selectively removed though specific interaction, a particular treatment 
target might be obtained effectively. 
2.5.5 Selective removal of estrogenic compounds 
 
Selective adsorption is a challenging but promising choice for the removal of 
target compounds from aqueous solution. The selective adsorption of 
estrogenic compounds using biological antibody and receptor of the target 
molecule was researched (Urmenyi et al., 2005, Nishiyama et al., 2002 and 
Kuramitz et al., 2002), and a good selectivity of adsorption was shown. The 
adsorption of antibody or receptor is based on molecular recognition. But this 
application has an intrinsic disadvantage that the regeneration of adsorbent 
could be a problem after the saturated adsorption. This is because the activity 
of the antibody/receptor would be harmed after several times of regeneration 
under harsh condition and consequently, the selective adsorption capacity 
would gradually decrease. According to Nishiyama et al. (2002) the amount of 
E2 bound onto anti-estrogen body after one time regeneration was reduced to 
40% of that before regeneration with methanol as eluent. It was attributed to 
the conformational change of the antibody during the regeneration with 
methanol (Nishiyama et al., 2002). Urmenyi et al. (2005) grafted antibody of 
17-β-estradiol onto poly (ethylene vinyl alcohol) membrane and found that the 
adsorption capacity dropped by 10% after one reuse (Urmenyi et al., 2005). 
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In short, activated carbon adsorption is of broad spectrum adsorption without 
selectivity while antibody and ER possess selectivity but lack stability. 
Molecular imprinted polymer (MIP), a kind of artificial receptor, is a new 
adsorbent with the function of selective adsorption of a group of molecules 
with similar molecular structure, could be another choice to remove 
selectively estrogenic compounds based on molecular recognition. As a kind 
of polymer, it is much more stable than natural antibody in terms of chemical 
and mechanical properties of adsorbents. MIP showed both stable properties 
and selectivity, which is worthy of research in water and wastewater 
treatment. The idea of selective removal of estrogenic compounds with MIP is 
based on the following considerations. 
 Estrogenic effects are basically contributed by estrogenic compounds 
with distinct molecular structure, the phenolic benzene-ring which is 
essential for the high-affinity binding of estrogenic compounds with 
the specific binding sites on ER and/or MIP.  
 Estrogenic compounds can bind with natural ER. Therefore, MIP could 
be prepared as artificial ER and used to bind estrogenic compounds in 
water stream and to remove them so as to prevent them from affecting 
organisms, similar to aerobic biological treatment that using oxygen in 
the air instead of oxygen in removing pollutants. 
 MIP is stable in terms of chemical and mechanical properties of 
adsorbents. 
 Therefore, selective removal of estrogenic compounds is a promising 
idea in the elimination of estrogenic effects. 
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2.6 Molecular imprinted polymer (MIP) 
2.6.1 Introduction of MIP 
 
Synthesis of MIP requires a good understanding of the fundamentals of 
chemical equilibrium, molecular recognition theory and polymer chemistry. 
The principle of MIP synthesis is shown in Figure 2.3. Firstly, a template 
molecule and functional monomers with functional groups complementary to 
those on templates form template molecule-functional monomer complex 
though covalent or non-covalent bonding in self-assembly mode in solvent, or 
so-called porogens such as acetonenitrile. Secondly, cross-linkers are added in 
the porogen and its function is used to fix the template molecule-functional 
monomers complex in a polymer matrix. Then, initiator is finally added. With 
the initiation by UV or heat, polymer is synthesized and spatial arrangement of 
functional monomers is fixed in the polymer (Cormack et al., 2004). After 
polymerization, the polymer synthesized undergo extensive extraction and 
template molecules are cleaved out of the polymer with organic solvent such 
as methanol and acetic acid, a process called template extraction, leaving 
cavities whose shape, size, and chemical functional groups complementary to 
template molecules. These cavities can rebind reversibly and selectively 
template molecules and molecules with similar molecular structure to that of 
template molecules (Yan et al., 2005). This polymer can be used for rebinding 






Fig. 2-3 Schematic diagram of molecularly imprinted polymer preparation. 
 
As mentioned above, the formation of functional monomers-template 
molecules complex is the precondition for the MIP synthesis. On the one hand, 
the more the complex, the higher the resultant selective adsorption capacity of 
MIP, and on the other hand, the interactions between functional monomer and 
template molecules play a key role in the MIP adsorption. Actually, MIP 
synthesis approaches can basically be classified into thee major categories 
according to the different interactions between functional monomer and 
template molecules: non-covalent approach, covalent approach and metal 
coordination. Major non-covalent interactions between the template and 
functional monomers include ionic interaction, hydrogen bonding, and 
hydrophobic forces. Van der waals and dipole–dipole are usually too weak to 
be paid too much attention to.  
 
To date, most of MIPs were synthesized based on non-covalent approach 
though free radical copolymerization because of its simplicity and application 
to a broad range of template structures. Many kinds of chemicals have been 
used as template molecules, such as amino acids, steroids, pesticides and 
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drugs. However, non-covalent synthesis approach has a few disadvantages. 
Firstly, the selective adsorption capacity was relatively low. According to 
some research, only 1% of the initial amount of template molecules used in the 
synthesis can be used to rebind target molecule (Yan et al., 2005). In order to 
increase the selective adsorption capacity, more functional monomers than 
stoichiometric amount of that would be used in order to form more template-
functional monomer complexes. However, lots of functional monomer not 
forming functional monomer-templates complex after polymerization would 
provide the basis of heterogeneous distribution of binding sites. Consequently, 
non-specific rebinding caused by the heterogeneous distribution of binding 
sites occurred, which is another main disadvantage of MIP. In addition, 
template leakage could occur from non-covalent MIP. It means that templates 
fixed in the polymer can not be cleaved out completely and consequently 
leaving trace residual template molecules in polymer. This is because the 
interactions between the template molecules and functional monomer are non 
covalent interactions and are too weak to bind the template molecules leaking 
out. Because of these weaknesses, other synthesis methods such as covalent 
approach are raised aiming at the formation of more stable template-monomer 
complex. 
 
MIP synthesis of covalent approach employs stoichiometric amount of 
functional monomer to form functional monomer-template complex in order 
to reduce non-specific bonding. This approach involves reversible covalent 
interaction between template and functional monomers. Because covalent 
bonding can give rise to stable template-monomers complex with high 
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association constant, only stoichiometric amount of functional monomer is 
needed for the formation of the complex. As a result, the integrity of cavity 
left in the MIP polymer can be ensured after cleavage, which is desirable for 
enhanced selectivity and would consequently reduce non-specific binding 
significantly. The template leakage can almost be eliminated because the 
covalent bonding of template with functional monomers is so strong that they 
can not be eluted out easily.  However, the range of templates, which can be 
used to form reversible complex based on covalent bond, is very limited, 
which makes the application of covalent imprinting not that widely. Another 
weakness is that covalent approach MIP has kinetic limitation when rebinding. 
This is because, unlike non-covalent MIP, the formation and break of covalent 
bonding may kinetically be the bottle-neck in binding and regeneration.  
 
Recently, another promising polymerization approach of MIP is developed. 
This is a method based on metal coordination, which means that the 
interaction between template and functional monomer is metal-ligand 
interaction. This interaction is promising for the orientation of template in the 
polymer and consequently a stable cavity for rebinding (Cormack et al., 2004 
and Yan et al., 2005). However, the following properties of current MIP 
should be improved (Sellergren, 2001):  
 Non-specific adsorption due to binding site heterogeneity; 
 Relatively slow mass transfer;  
 Bleeding of template; 
 Relatively low selective adsorption capacity; 
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 Poor recognition in aqueous systems due to the interference of water 
molecules with the binding of target molecules.  
Correspondingly, the basic requirement for properties of MIP includes (1) 
high selective adsorption towards target molecules in a certain matrix, (2) high 
selective adsorption capacity, (3) kinetically favorable mass transfer property, 
and (4) stable physical, chemical, and mechanical properties. Of these, the 
selectivity is the primary concern in developing MIP. This approach may also 
limit the choices of template and functional monomer. 
 
MIP synthesis can also be classified according to the polymerization method. 
These methods include bulk polymerization, multi-step swelling 
polymerization (Hosoya et al., 1993 and Haginaka et al., 1998), suspension 
polymerization (Ansell et al., 1997; Mayes et al., 1996; Strikovsky et al., 2003 
and Kempe et al., 2004), and precipitation polymerization (Martinez et al., 
2005 and Ye et al., 2001). A well-established synthesis procedure is to 
produce monolith polymer though bulk polymerization. The cleavage of 
template is conducted after grinding the monolith into powder with diameter 
about 20~40 µm according to various applications. However, this method had 
a few disadvantages: (1) physico-chemical properties cannot be ensured 
because uniform sized particles can be produced by grinding, and (2) a large 
amount of MIP cannot be produced using this method. So researcher 
developed various polymerization procedures to synthesize uniform sized MIP 
particles with the possibility to produce in larger scale (Bruggemann et al., 
2000, Fairhurst et al., 2004 and Moral et al., 2004). It should be emphasized 
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that polymerization permitting large-scale synthesis is a precondition for 
practical application.  
How to choose template molecules and corresponding functional monomer 
and cross-linker would determine the final properties of MIP. According to the 
synthesizing principle of MIP, if the template molecule used in the 
polymerization is a kind of estrogenic compound, then the resultant MIP could 
be used to selectively adsorb and remove this target estrogenic compound and 
other estrogenic compounds. In order to remove estrogenic effect farthest, 
estrogenic compounds with potent potential of estrogenic effect could be 
selected as template molecules.  
 
It should be emphasized that although MIP can remove a group of estrogenic 
compounds MIP may be not able to remove all the estrogenic compounds with 
equal efficiency. After all, MIP is synthesized with one kind of particular 
temple molecule. This means that MIP synthesized with a certain estrogenic 
compound as template has different binding affinities and rebinding 
efficiencies for other estrogenic compounds. However, compounds, whose 
molecular structures are more similar to that of template, can be rebound with 
priority and removed although these compounds have likely higher or lower 
potent capacity inducing estrogenic effect. As a result, the estrogenic effect 
can be removed farthest by MIP due to the removal of potent estrogenic 
compounds. In contrast, the less the estrogenic effect a substance could 
induce, the less the rebinding efficiency the MIP may has. This is the intrinsic 
properties of molecular recognition. Moreover, MIP has a potential to remove 
some potential estrogenic compounds which has not been identified. This is 
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because estrogenic compounds usually contain the phenolic benzene-ring. 
These unidentified compounds could also be absorbed and removed, which is 
a desirable significance of using MIP to remove target compounds.  
2.6.2 Application of MIP 
 
Molecular imprinting technique traced back to 1960s. But only since 1990s, 
did it gain a significant development (Cormack et al., 1999). By now, it is a 
hot research field due to its intrinsic properties, high selective adsorption of 
target molecule. It is a promising technique in many fields, for example, 
chomatography separation (Takeuchi et al., 1999 and Lai et al., 2001), sensor 
application, reactive products extraction (Moller et al., 2001), molecular 
imprinted membrane (Piletsky et al., 1999 and Xu et al., 2005) and solid phase 
extraction (Sellergren, 2001; Caro et al., 2004 and Matsui et al., 2000). All 
this application is based on the molecular recognition function of MIP.  
 
MIP could be prepared as stationary phase, which the mobile phase passes 
though. Because MIP has the function of molecular recognition and higher 
binding affinity towards template molecules, the retention time for template 
molecular will be longer than other compounds. As a result, the compounds in 
mobile phase can be separated. MIP can be used in the separation of 
enantiomer compounds (Sellergren, et al., 1995). Similarly, the SPE involving 
MIP is also based on the molecular recognition of target compounds. After 
preloading solution containing target compounds and other substances onto 
MIP, only target compounds can be absorbed selectively. Consequently, the 
target compounds can be concentrated and separated. The application of MIP 
in the field of sensor is another promising field. A good case was the quartz-
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crystal microbalance-based sensing devices, which involved the selectivity of 
MIP (Alexander et al., 2006). MIP can also be prepared as membrane and 
designed as a barrier intended for purification of target compounds. When feed 
water containing target compounds pass though the membrane, the target 
compounds will be retained onto the selective binding site and can not enter 
the permeate side. In short, the molecular recognition and selective binding of 
target compounds are the essence of MIP. This inherent specificity provides 
many opportunities of applications of MIP. 
 
2.6.3 Molecular recognition of MIP 
Rebinding target compounds of MIP is based on molecular recognition, which 
relies on the specific steric structure and functional group inside the cavity 
inside MIP.  It requires a steric and electronic microenvironment 
complementary to that of the compounds-of-interest to be bound (Konig, 
1995). The following equation described the physical principles underlying the 
interaction between MIP-target compounds bound (Sellergren, 2001).  
ΔGbind= ΔGt+r+ΔGr+ΔGh+ΔGvib+∑ΔGp                        (Eq.2-1) 
Where, 
ΔGbind: Gibbs free energy changes for complex formation  
ΔGt+r:  translational and rotational  
ΔGr:     restriction of rotors upon complexation 
ΔGh:     hydrophobic interactions  
ΔGvib:  residual soft vibrational modes 
ΣΔGp:  sum of interacting polar group contributions 
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According to this equation, it could be seen that the driving force of MIP 
adsorption is the change of total Gibbs free energy during the rebinding 
processes. When rebinding occurs, the selective adsorption would be 
influenced by various factors, such as the interactions between target 
compounds to be bound and natural substances. From the viewpoint of 
thermodynamics, only the maximum change of Gibbs free energy could be 
reached, could the selective rebinding based on molecular recognition occur. 
Therefore, environmental factors may have influences during the selective 
rebinding of MIP. Furthermore, rebinding dynamics would also affect the 
rebinding theoretically. For example, if the interactions between target 
compounds and natural substances are strong enough, the selective rebinding 
would be retarded although the selective rebinding might be realized finally.  
 
Hydrophobic interaction is another factor which should be emphasized for 
application of MIP in aqueous phase, especially for the MIP based on non-
covalent binding.  Hydrogen bonding played an important role during 
rebinding. However, water, a polar molecule, can interfere with the rebinding 
of target molecule by forming hydrogen bond with functional group trapped in 
MIP in aqueous solution. In addition, rebinding can also happen owing to 
hydrophobic interaction, especially for hydrophobic chemicals (Bartsch et al., 
1998; Kubo et al., 2004; Kubo et al., 2003; Watabe et al., 2005; Zhu et al., 
2002; Andersson et al., 1996 and Haginaka et al., 2001). After all, the 
influence of hydrophobic effect can not be avoided in aqueous system. 
Usually, the stronger the hydrophobic interaction, the more the non-specific 
rebinding MIP has, which is an undesirable result regarding the selective 
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adsorption. In other words, the properties of environment in which MIP is 
used would affect the rebinding of a given molecule. Therefore, MIP 
adsorption properties would fall into the middle of a range from such broad 
adsorption as activated carbon adsorption to so-called highly selective binding 
such as the adsorption between antibody/receptor and target compounds.  
2.6.4 Selective removal of estrogenic compounds by MIP 
Estrogenic compounds have been widely used as template molecules to 
synthesize MIP. Steroid estrogenic compounds, including steroid-3 (Bystrom 
et al., 1993), E2 (Dong et al., 2003; Kugimiya et al., 2001; Sanbe, et al., 2002; 
Ye et al., 1999; Ye et al., 2001 and Rachkov et al., 1998), cholesterol (Hwang 
et al., 2002 and Gore et al., 2004), EE2 (Idziak et al., 2001), and testosterone 
(Cheong et al., 1998 and Cheong et al., 1997), were used as template 
molecules. MIP synthesized for recognition of BPA was also researched 
(Villoslada et al., 2004; Watebe et al., 2004; Takeda, et al., 2005; Ikegami et 
al., 2004a; Ikegami et al., 2004b and Ikegami et al., 2004c). The objective of 
these research using steroids as template focused on the MIP property study, 
selectivity for example. This is because steroid is a big group of compounds 
with similar molecular structure but different functional groups. Using these 
compounds as templates and rebinding target compounds, the selectivity of 
MIP synthesized could be researched and the synthesizing approach might be 
improved. In addition, the effect of different functional groups in steroid 
molecules on selective adsorption of MIP could also be investigated. These 
researches as well as corresponding synthesis recipes provided a possibility 
using MIP to remove estrogens in aqueous solution by adsorption. However, 
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there are to date only limited studies regarding the removal of estrogenic 
compounds using MIP from aqueous solution.  
 
MIP synthesized though bulk and precipitation polymerization has been 
studied to remove selectively some typical estrogenic compounds. With the 
precipitation polymerization, Meng et al. (2005) synthesized MIP with α-
estradiol as template and demonstrated adsorption capacity for α-estradiol, 
estriol, E1 and diethylstilbestrol with different selectivity. The adsorption 
capacity of MIP for α-estradiol was 380 nmol/mg MIP in aqueous solution. 
The MIP also showed a good selectivity for α -estradiol. The adsorption 
capacity of MIP was about 7 times higher than that of NIP. This is basically 
depends on the fundamental properties of MIP and NIP. For example, a low 
temperature (4 
o
C) during the synthesis of MIP was a factor contributing to the 
high selectivity. Low temperature during polymerization could lead to more 
template-functional monomer complexes and consequently, more binding sites 
after polymerization and extraction (Sellergren, 2001). The selectivity could 
also be attributed to the employment of Triton-100 surfactants in rebinding 
static experiment which could reduce the non-specific adsorption due to the 
hydrophobic compounds (Le Noir et al., 2007). However, what should be 
emphasized is that the difference in adsorption capacity between MIP and NIP 
was not compared with the amount of template molecule, α -estradiol 
extracted out. This may suggest that the difference between MIP and NIP may 
be larger than that, and may not represent all the selective adsorption capacity 
as the selective adsorption capacity of MIP should not be larger than the 
amount of template molecule extracted out. Furthermore, the selectivity for the 
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other estrogenic compounds, estriol, E1 and diethylstilbestrol, were 
significantly lower than that of template molecule α-estradiol. In this study, 
the reusability of MIP after regeneration was demonstrated for at least five 
repeat cycles. This suggested that the MIP has a stable material property and 
might be used to remove estrogenic compounds.  
  
MIP with 17β-oestradiol as template was synthesized by Le Noir et al. (2006 
and 2007) though bulk polymerization and was prepared as adsorbent column 
to remove trace 17β-estrodial from aqueous solution.  The potential of MIP as 
selective adsorbent in removing trace estrogenic compounds was 
demonstrated. Le Noir et al. (2006) compared the performances of MIP/NIP, 
C18 extraction phase and GAC. E2 recovery of 100 ± 0.6% could be obtained 
after passing 2 L of 2 µgE2/L aqueous solution though MIP, synthesized with 
E2 as template, adsorbent column and subsequent elution with methanol: 
acetic acid (volume ratio of 4:1). In comparison, only 77±5.2%, 87.1±2.3% 
and 19.1±7.8% were obtained for NIP, C18 extraction phase and GAC, 
respectively (Le Noir et al., 2007). However, the adsorption performance was 
only studied in the mode of adsorbent column, and no adsorption isotherms of 
MIP and NIP for those compounds were studied. Consequently, the adsorption 
performance cannot be revealed completely, which should be researched 
further, especially in terms of adsorption capacity.  
 
MIP was also employed to remove phenolic estrogen pollutants (Lin et al., 
2008). Lin et al. (2008) used MIP with BPA as template to remove phenolic 
estrogen pollutants. After loading 10 mL of 0.5mmol/L target phenolic 
 49 
compounds onto MIP and NIP cartridge, the removal efficiencies of MIP for 
BPA, bisphenol C (BPC), bisphenol Z (BPZ) and diethylstilbestrol (DES) 
were 85.42±0.96%, 100%,  100%  and 100%, respectively. In comparison, the 
removal efficiencies of NIP for the four compounds were 56.41±0.26%, 
100%, 100% and 100%, respectively. The reason that MIP and NIP have 
higher removal efficiency for BPC, BPZ and DES than BPA was attributed to 
the hydrophobic interactions. With the same target compounds, MIP was also 
compared with activated carbon, and the results showed that MIP has 
obviously higher removal selectivity than activated carbon did, suggesting the 
existence of selective binding sites in MIP. Study on regeneration of the MIP 
showed that, after at least 30 times adsorption and methanol regeneration, MIP 
did not lose removal efficiency (Lin et al., 2008). However, the adsorption 
isotherm was not illustrated in this study. In addition, the selective adsorption 
mechanism was not considered regarding the amount of template molecules 
extracted out. Both of the two aspects should be studied further. 
 
The effect of environmental factors on the performance of MIP has also been 
studied, including HA, pH, ionic strength and competing substances (Lin et 
al., 2008; Bravo et al., 2005 and Yu et al., 2008). However, only limited 
research has to date been done to evaluate the effect of environmental factors 
on the selective adsorption capacity of MIP in the field of water and 
wastewater treatment (Bravo et al., 2005; Le Noir et al., 2007; Lin et al., 2008 
and Yu et al., 2008). Lin et al. (2008) studied the effects of pH, humic acid 
and ionic strength. Results illustrated that high ionic strength and presence of 
humic acid would increase the removal efficiency of MIP. With addition of 10 
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mg/L HA, the removal efficiencies of BPA, diethylstilbestrol and p-
nitrophenol increased by about 10 percent. It was attributed to the decrease of 
pH due to addition of HA. In the study on ionic effect of NaCl, the removal 
efficiencies of bisphenol C and diethylstilbestrol increased from about 85 to 
100% and 90 to 100%, respectively, when NaCl concentration changed from 1 
to 50 mmol/L. Furthermore, at pH 5, MIP obtained the highest removal 
efficiency (Lin et al., 2008). However, the study only focused on the effects 
on MIP, but not on NIP despite the possibility of non-selective adsorptions of 
MIP would occur in aqueous solution. The adsorption capacity difference 
between MIP and NIP could demonstrate the selective adsorption capacity. 
Therefore, the effects on the selective adsorption capacity were not clearly 
revealed. Similarly, Bravo et al. (2005) studied the effect of pH on the 
adsorption of MIP and found that no obvious effect was found for MIP. 
However, no study was performed for NIP, which could not illustrate the 
effect of pH on the selective adsorption. So it is necessary to research the 
effects of environmental factors on the adsorption capacity for both MIP and 
NIP. In order to handle the grinded MIP particles easily, Le Noir et al. (2007) 
used MIP immobilized with polyvinyl alcohol (PVA) to research the effect of 
humic acid and acenaphthene on the adsorption capacities of MIP and NIP.  
After 2 L of aqueous solution containing 2 µg/L of E2 had percolated the 
immobilized MIP and NIP, the recovery of MIP and NIP were around 100% 
and 40%, respectively, showing a good selectivity. In comparison, when 
loaded with 2 L of aqueous solution containing 2 µg/L of E2, HA and 
acenaphthene, the recoveries of both MIP and NIP dropped to 54.4±7.7% and 
29.5±7.5%, respectively. The selectivity was not influenced significantly. 
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However, the concentration tested was too low compared to the HA 
concentration present in natural water stream, which should thus be studied 
further. 
 
The effect of competing substances, whose molecular structures are not 
similar to that of template molecule, on the adsorption of template molecules 
by MIP was also studied (Le Noir et al., 2007 and Yu et al., 2008). The results 
showed that these competing compounds can not be selectively adsorbed by 
selective binding sites in MIP. However, it is known that MIP, as a kind of 
artificial estrogenic receptor (ER), could absorb a group of compounds with 
similar molecular structure to that of template molecules, estrogenic 
compounds for example. To date, the study on the effect of coexistence of 
estrogen compounds on selective removal is of absence. From the viewpoint 
of removal of estrogenic compounds with similar molecular structure, the 
study on the adsorption performance of coexistence of estrogenic compounds 
is necessary in order to demonstrate the removal efficiency of respective 
estrogenic compounds by MIP. 
 
The kinetics of MIP adsorption was also studied. Zhao et al. (2008) researched 
BPA transfer rate using polyethersulfone hollow fiber membrane imprinted by 
BPA. Within 10 min, the adsorption capacity could almost reach the total 
adsorption capacity, showing a fast adsorption performance. This depends on 
the finger-like structure and the small pores of less than 1 µm generated inside 
the membrane. Furthermore, thickness of the polyethersulfone around mall 
pores was only about 0.2 µm, which facilitated the adsorption due to the less 
 52 
mass transfer resistance. In comparison, Yu et al. (2008) synthesized chitosan-
based MIP to study the adsorption kinetics. It was found that the equilibrium 
time for MIP was more than 20 h when absorbing perfluorooctane sulfonate, 
suggesting significantly different properties of kinetics (Yu et al., 2008). The 
relatively slow adsorption kinetic could be attributed to the relatively large 
mass transfer resistance inside the chitosan-based MIP beads whose diameters 
were around 2.3~3.0 mm. However, to date, the kinetics study on the uniform 
sized sub-micro particles of MIP adsorbent has not been reported. It is known 
that besides the mass transfer resistance of target compounds, the adsorption 
driving force is another factor which needs to be considered in kinetics study. 
For example, hydrophobic interaction would play a role for the adsorption of 
hydrophobic molecules, E1, E2, and EE2 for example, in aqueous solution. 
However, kinetics study on the E1, E2, and EE2 adsorption by MIP has not 
been revealed, which should also be researched further. 
2.6.5 Modeling of MIP adsorption 
With the extensive research on the MIP adsorption, the binding isotherms 
were applied to simulate the adsorption performance. Conventional adsorption 
isotherms including Freundlich, Langmuir and Freundlich-Langmuir (FL) 
models were used to simulate MIP adsorptions (Yan et al., 2005; Umpleby et 
al., 2001a and 2001b). It is known that the application of these models 
depends on the concentration ranges tested in generating the isotherm. Only 
wide range of concentration and enough data points can ensure an objective 
isotherm. For examples, it is well known that Langmuir model is suitable for 
the simulation of saturated adsorption while Freundlich model is more used in 
the depiction of unsaturated adsorption. Umpleby et al. (2001a) obtained an as 
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high as 0.991 degree of correlation when using Freundlich isotherm to model 
the adsorption performance of MIP with ethyl adeine-9-acetate as template. In 
comparison, FL combines the advantages of both Freundlich and Langmuir 
models and could be used for the application of wide concentration range in 
most adsorption. For instance, Umpleby et al. (2001b) analyzed the binding of 
trimethoprim to its imprinted MIP synthesized by Sellergren et al. (2001) with 
Langmuir, Freundlich, and FL. The R
2
 obtained for the thee models above 
were 0.986, 0.974 and 0.992, respectively, showing a better simulation of FL 
for MIP adsorption (Umpleby et al., 2001b). 
These models not only describe the adsorption performance but also provide 
the basis of comparison between different binding isotherms. Except the direct 
graphic comparison, adsorption parameters in those binding models and the 
affinity distribution of binding sites could reveal physical meaning behind the 
binding isotherm. For example, the heterogeneity of binding sites in MIP 
could be shown quantitatively according to the adsorption coefficients in 
Freundlich model.  
 
It is known that MIP has heterogeneous binding properties, especially for MIP 
synthesized with non-covalent approach. Therefore, heterogeneous binding 
models, such as bi-Langmuir isotherm and Freundlich models, have wide 
applications. Especially for the Freundlich model, the affinity distribution of 
binding sites on MIP could even be calculated. As a result, the selective 
binding sites, which have high binding affinity, could be evaluated 
quantitatively. Furthermore, comparison of different binding affinity 
distribution would reveal whether a MIP contains more selective binding sites.  
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In addition, quantities of relatively selective binding sites and non-selective 
binding sites might be calculated according to the binding parameters of 
Freundlich model. For example, Umpleby et al. (2001a) developed affinity 
spectrums for a series of non-covalent imprinted polymers. Distribution of 
binding sites over a continuous range of adsorption parameters characterized 
the heterogeneity of the binding sites in MIP (Umpleby et al., 2001a). Chen et 
al. (1999)  analyzed the adsorption of two enantiomers, L-PA (phenylalanine) 
and D-PA with bi-Langmuir model and the model can well fit experimental 
data at a 95% confidence level within the limits of the experimental errors. 
 
So far, there are no available experimental approaches to determine 
quantitatively and accurately the selective binding sites in MIP. Modeling of 
MIP adsorption provides the basis for understanding quantitatively the 
adsorption performance with clear physical meaning. To date, it is an effective 
tool in analyzing the selective adsorption of MIP. However, how to evaluate 
quantitatively the amount of selective binding sites in MIP is still a problem 
due to the difficulty in determining the real binding affinities of the selective 
binding sites. Sellergren (2001) studied the selective adsorption capacity of 
MIP using Scatchard plot of isotherm data of  9-ethyladenine, and found a 20 
µmol/g adsorption capacity contributed by binding sites with high binding 
affinity, corresponding to a yield of imprinted sites of  35% based on the 
amount of template molecules used in the synthesis. However, this ratio was 
based on the amount of template molecules added, instead of the amount of 
templates molecules extracted out of MIP. Conceptually, the template 
molecules extracted is a more reasonable parameter for the calculation of 
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selective binding sites. With bi-Langmuir and tri-Langmuir model, Kim et al. 
(2006) studied thermodynamically the heterogeneity of binding sites in MIP 
when absorbing Fmoc-tryptophan enantiomers to simulate the binding affinity 
distribution. The results showed that MIP surface can best be simulated with 
tri-Langmuir isotherm. However, tri-Langmuir isotherm assumes the binding 
affinity is not a continuous function, which lacks scientific basis for the 
heterogeneous surface of MIP in studying the binding affinity.  
2.7 Current status and research needs 
According to previous reviews, the adsorption performance of MIP has been 
studied widely and the selective adsorption function of MIP was introduced in 
the field of water and wastewater treatment. The following could briefly be 
summarized. Adsorption isotherm with different ranges of concentrations 
tested was used to study the performance of MIP. It was found that MIP, 
especially non-covalent MIP had a heterogeneous adsorption property. Most 
of the adsorption isotherms could be simulated with Langmuir, Freundlich and 
even Langmuir-Freundlich model. Adsorption isotherms based on static 
adsorption, especially the differences in adsorption capacity between MIP and 
NIP were also used to study the selective adsorption mechanisms of MIP. It 
was found that the template molecules generally had a higher selective 
adsorption capacity. Chomatography technique provided dynamic approach in 
the mechanism study when the MIP was used as the stationary phase of 
chomatographic column. Basically, the template molecule had a relatively 
longer retention time than other similarities due to the higher binding affinity 
with MIP imprinted with itself. The effect of environmental factors, including 
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competing substances, pH and ionic strength on the adsorption of MIP were 
also researched to some degree. As for the competing substances, HA as an 
example of NOMs, it was found that low concentration of HA could not 
influence the selective adsorption of MIP. In contrast, pH may influence the 
adsorption of MIP when the pH in a certain environment was above the pKa of 
the target compounds due to the ionization effect.  The ionic strength was also 
found to have effect on the adsorption of MIP to some extent due to the salting 
out effect, which suggested high ionic strength could increase the adsorption 
capacity of target compounds with high log Kow values. The regeneration of 
MIP has been studied in various research fields. It demonstrated that MIP can 
be regenerated easily and successfully with a stable adsorption performance 
with many time regenerations, which is one of the intrinsic advantages over 
natural antibody/receptor in organisms. However, there are still some aspects 
which need to be researched further regarding the selective removal of 
estrogenic compounds in practical application although the feasibility of 
selective removal of estrogenic compounds was demonstrated. Firstly, there is 
to date no study on the adsorption isotherms of typical estrogenic compounds 
such as E1, E2, EE2 and BPA absorbed by MIP in aqueous solution, 
especially with uniformly sized MIP. As a result, no adsorption model was 
applied. Secondly, the adsorption mechanisms of estrogenic compounds by 
MIP have not been studied thoroughly in the previous research. Specifically, 
previous research focused on the difference of MIP and NIP. However, no 
reports on the comparison between the MIP/NIP adsorption capacity 
difference and the amount of template molecules extracted out of the MIP 
matrix are available. Consequently, it is hard to compare the imprinting effects 
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of different MIPs. In addition, the adsorption mechanisms regarding the 
binding affinity should also be revealed. Thirdly, the effect of environmental 
factors on the selective adsorption of MIP for typical estrogenic compounds, 
E1, E2, EE2 and BPA, has not been researched thoroughly. After all, 
environmental factors would have different effects on different target 
compounds.  Finally, no kinetics study of MIP adsorption for the estrogenic 
compounds above has been reported. As an essential part of adsorption, it 
should be carried out, especially for the uniformly sized MIP synthesized by 
precipitation polymerization.  
 
Therefore, in order to reveal the performance of MIP in removing estrogenic 
compounds from aqueous solution, four target estrogenic compounds, E1, E2, 
EE2 and BPA were employed in this research. Uniform sized MIP though 
precipitation polymerization will be synthesized as adsorbent according to the 







Chapter 3 Materials and methods 
3.1 Introduction 
Experimental materials and methods used in this study were systematically 
introduced in this chapter. The synthesis of MIP and NIP was first introduced, 
followed by the immobilization of MIP and NIP for regeneration study. The 
adsorption methods of target estrogenic compounds and the mechanism study 
were then described in detail. Next is the study of effect of environmental 
factors on the selective adsorption of MIP. Finally, the characterization of MIP 
and NIP were shown. 
Synthesis of MIP/NIP and immobilization of MIP/NIP: The preparation of 
adsorbent, MIP and NIP, is the precondition for the selective adsorption study. 
The MIP and NIP were synthesized basing on an established recipe but with 
modification because no commercial MIP products are available. The 
immobilization of MIP and NIP was also carried out. The main objective of 
immobilization is to immobilize MIP and NIP in a matrix with low diffusion 
resistance for convenient handling MIP and NIP.  
Selective adsorption of target compounds by MIP/NIP in aqueous solution: 
This part is the main contents of this study and includes the adsorption 
isotherm study, selective adsorption mechanism study, effect of environmental 
factors, including HA, pH, ionic strength and competing estrogenic 
compounds on the selective adsorption of MIP. In order to illustrate the 
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selective properties of MIP, adsorption performances of MIP and PAC were 
compared. The kinetics study of selective adsorption and the regeneration of 
MIP were also researched in this subsection.  
Characterization of MIP and NIP: As a new adsorbent, the characterization 
of MIP and NIP was conducted in the part. The characterization is composed 
of a series of detection: specific surface area, the pore size distribution, density, 
hydrophobicity, Zeta potential and leakage of template. The PAC was also 
characterized with specific surface area aiming at the comparison with MIP 
and NIP. 
3.2 Synthesis of MIP and NIP  
3.2.1 Experimental setup 
 
Chemicals  
17b-Estradiol (E2), estrone (E1), 17a-ethinylestradiol (EE2), bisphenol A 
(BPA), methacrylic acid (MAA), trimethylolpropane trimethaacrylate (TRIM), 
and 4,40- zobis(4-cyanovaleric acid) were all purchased from Sigma–Aldrich 
(USA). TRIM was of technical grade and all the other chemicals were of 
analytical grade. All chemicals were used as-supplied. 
 
Apparatus  
Two UV lamps (F15T8BLB, 15W, 352nm) used for the polymerization were 
obtained from Sankyo Denki, Japan. The UV lamps were parallelly put inside 




during polymerization of MIP (Plate 3-1). A centrifuge machine (Kubota-
6500, Japan) was used in the collection of adsorbent powder during extraction.  
 
Plate 3-1 Setup of UV initiated polymerization 
MIP synthesis  
The procedure for MIP synthesis used in this research was based on an 
established procedure with modification (Ye et al., 1999). Precipitation 
polymerization was used to synthesize uniform-sized MIP particles though 
non-covalent approach. E2, the most potent estrogenic compounds, was used 
as the template molecule to synthesize MIP, the artificial receptor of estrogen 










Table 3-1 Compositions of MIP. 
 
Template  Functional 
monomer 
































The template, E2, was first added into a bottle containing a mixture of solvent 
and functional monomer and sonicated for 5 min at ambient temperature. The 
cross-linker and initiator were then added into the solution. This was followed 
by purging with N2 gas at a flowrate of 0.4 L/min for 5 min in order to get rid 
of the oxygen in solution, which would retard the synthesis process due to the 
annihilation of free radicals generated from the decomposition of the initiator 
(Plate 3-2). Thereafter, the bottle was sealed to prevent air from entering the 
bottle. Finally, the solution was irradiated by 352 nm UV light for 24 h in the 
chiller with a cooler fan. The temperature inside the refrigerator was 
maintained at 4
o
C during UV irradiation. 
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 (a) Setup for Nitrogen gas stripping   (b) Solution under nitrogen gas stripping 
Plate 3-2 Nitrogen gas stripping  
 
After polymerization, the polymer was collected by centrifugation at 8,000 
rpm for 10 min and the extraction of template, E2, was then carried out. The 
polymer was washed with a mixture of methanol and acetic acid in the volume 
ratio of 9:1 for 4 times and each at a duration of 1.5 h (Plate 3-3). It is noted 
that the volume of MIP and NIP after the extraction were larger than those 
before the extraction. This facilitates the extraction of template molecules out 
of polymer. 
       
(a)  Before extraction of template       (b) After extraction of template  
Plate 3-3 Extraction of template molecules with methanol and acetic acid 
 
The total volume of the eluting solution for the first extraction was 10 mL and 
5 mL for each of subsequent elutions. Then, the polymer was washed with 
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methanol for 24 h. This was followed by another two extractions with 
methanol for 1.5 h each. The powder collected after centrifugation was finally 
dried overnight in a vacuum desiccator. The NIP was synthesized and treated 
in the same way except that no template was added. Compared to the MIP 
though bulk polymerization, no time-consuming grind work is needed for the 
MIP preparation based on precipitation polymerization.  
 
Mass balance of template molecules 
Mass balance study of template molecules would show how many template 
molecules can be incorporated into polymer after the polymerization and how 
many template molecules could be extracted out of the polymer. It should be 
emphasized that the selective adsorption capacity depends on the quantity of 
template molecules extracted out of polymer during extraction.  
 
The polymer suspended solution was centrifuged after polymerization and 
each extraction. The volume of supernatant was measured by measuring 
cylinder and the concentration of E2 in supernatant were measured by HPLC 
(Agilent 1100 series, Germany)  and tandem mass system (API 2000, Applied 
Biosystems, USA) so as to calculate the mass of template, E2. 
 
3.2.2 Confirmation of MIP 
 
The adsorption capacities of MIP and NIP for template molecules were 
compared. A series of MIP suspended solutions were prepared with E2 stock 
solution in acetonitrile in 2 mL polypropylene centrifugal microtubes. The 
final E2 concentration was 0.05 mM and MIP concentrations were in the range 
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of 4~20 mg/mL. The volume of each sample was 0.5 mL. The solution was 
sonicated for 1 min to disperse the MIP powder. Meanwhile, a reference 
solution of E2 without polymer addition was prepared for the calculation of 
adsorption capacity. The sample was mixed with a mixer (Glas-Col, Terre 
Haute, USA) for 8 h (Plate 3-4). After adsorption, the suspended solution was 
centrifuged at 13,000 rpm for 9 min (HAWK 15/05 Sanyo, Japan). Residual 
concentration of E2 in supernatant was measured by HPLC/MS/MS. The NIP 
was studied in the same way for comparison.  
 
Plate 3-4 Mixer for adsorption  
 
The selectivity of MIP to template molecules was also studied. E1 and EE2 
were selected as competing target compounds for rebinding adsorption 
because of their similarity in molecular structure to that of E2. MIP suspended 
solution was prepared with E2 stock solution in acetonitrile in 2 mL 
polypropylene centrifugal microtube with a final E2 concentration of 0.05 mM 
and MIP concentration of 20 mg/mL. The volume of each sample was 0.5 mL. 
Meanwhile, a reference solution of E2 without polymer addition was prepared. 
The period of adsorption was 6 h. The same experiments were carried out for 
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E1 and EE2. The NIP was studied in the same way for comparison. All the 
experiments were carried out in duplicates. 
3.3 Immobilization of MIP and NIP 
There are two main objectives of immobilization of MIP and NIP. Firstly, 
immobilized MIP and NIP can be handled easily for practical application. 
Secondly, the immobilization will facilitate the regeneration of MIP because 
the complete separation of MIP and NIP beads from the solution containing 
residual target compounds is still a challenge. This is because the diameters of 
uniform sized MIP and NIP particles are about 200 nm, too small to be 
separated. The immobilization of MIP and NIP was based on sodium alginate-
modified PVA-boric acid methods (Gordon, 1997). The addition of sodium 
alginate is to modify the structure of PVA beads. The specific procedures are 
as following: MIP solution of 1mg/mL was prepared with ultra-pure water and 
was sonicated to disperse the MIP beads. Polyvinyl alcohol ((CH2CHOH-)n, 
average molecular weight of 85,000-124,000 daltons, sonification of 99%, 
Sigma-Aldrich) and sodium alginate (technical grade, Sigma-Aldrich) were 
mixed and dissolved in ultra-pure water at 90
o
C with the final sodium alginate 
concentration of 0.8% (w/v) and PVA concentration of 16% (w/v). When the 




C, MIP aqueous solution was added by a 
volume ratio of 1:1. Then, the mixture was injected dropwise into saturated 
boric acid (99%, Sigma) solution of 5.5% (w/v) containing 1% CaCl2 (99%, 
Sigma) with a syringe to form spherical soft beads for 2 h. The beads were 
transferred into 1 M phosphate solution of pH 5 for another 2 h for 
phosphorylation. The role of phosphorylation is to solidate the PVA beads. 
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Meanwhile, sodium alginate was removed by phosphorylation. As a result, 
diffusion resistance of target compounds inside the beads can be decreased. 
Finally, the beads were thoroughly washed with tap water for use. NIP was 
immobilized with the same method. PVA beads without the addition of MIP 
and NIP were prepared as reference for adsorption and regeneration study.  
3.4 Adsorption experiments 
3.4.1 Study on adsorption isotherms 
 
E2 aqueous solution was prepared by diluting 1 mM of E2 acetonitrile stock 
solution with ultrapure water by 250 times. Two kinds of MIP stock solutions, 
0.2 mg/mL and 2 mg/mL, were prepared with ultrapure water. The two MIP 
stock solutions were sonicated for 2 min to disperse the polymer. A series of 
MIP suspended solutions were then prepared with the E2 aqueous solution and 
MIP stock solution in 2 mL polypropylene centrifugal microtube, with an 
initial E2 concentration of 4 µM and MIP concentrations in the range of 
0.005~0.5 mg/mL. The total volume of each sample was 2 mL.  Meanwhile, a 
reference solution of E2 without MIP was prepared. The samples were mixed 
with the mixer at 20 rpm for 8 h. After the adsorption, the samples were 
centrifuged at 13,000 rpm and the supernatant was collected for E2 
measurement by HPLC/MS/MS. Adsorption experiments of E1, EE2 and BPA 
were carried out in a similar manner to assess the adsorption performance of 
MIP. The NIP was also experimented in the same way for comparison. All the 
experiments were carried out in duplicates. 
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3.4.2 Study on adsorption mechanisms 
 
The mechanism of selective adsorption was studied with static gradient 
desorption. Firstly, MIP suspended solutions were prepared with E2 aqueous 
solution, with an initial E2 concentration of 1.6 µM and MIP concentration of 
1 mg/mL. The total volume was 10 mL. The adsorption time was 4.5 h.  After 
adsorption, desorption was performed with static gradient desorption. The 
sample was divided into 10 microtubes of 1.5 mL with each containing 1 mL 
sample, followed by centrifugation for 10 min at 12,000 rpm. The supernatants 
of 0.9 mL in each microtube were drawn out with 0.1 mL sample left. Then 
acetonitrile and ultrapure water were added with the final volume ratios of 
acetonitrile to water ranging from 0:1 to 9:1 in the 10 microtubes. The total 
volume for each sample was 1.0 mL. Desorption was carried out for 4.5 h. 
After desorption, the samples were centrifuged and the concentrations of E2 in 
supernatants were measured. E1, EE2 and BPA were treated with the same 
approach. The NIP was also experimented in the same way for comparison. 
All the experiments were carried out in duplicates.  
3.4.3 Study on effects of environmental factors on adsorption 
 
3.4.3.1 Effect of HA 
 
Humic acid usually represents the 40 to 60 percent of total dissolved organic 
matters. In this study, the HA concentrations of 5, 10 and 20 mgL
-1
 as TOC 
were chosen in performing the study on the effect of HA.  HA used in this 
study was obtained from Sigma-Aldrich (Singapore). 
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Firstly, 0, 0.25, 0.50 and 1.00 mL HA aqueous solution of 40 mg/L were 
added into four polypropylene centrifugal microtubes, respectively, followed 
by the addition of  1.20, 0.95, 0.70 and 0.20 mL ultrapure water in each 
microtube. Secondly, 0.40 mL of E2 aqueous solution of 20 μM was added 
into each microtube and subsequently 0.40 mL MIP suspended solution of 
0.05 mg/mL was added to make up 2 mL for each sample. The final E2 
concentration of 4 µM was prepared with a MIP concentration of 0.01 mg/mL. 
Samples were sonicated to disperse the MIP. Meanwhile, a reference solution 
of E2 without MIP was prepared. The samples were homogenized with a 
mixer (Glas-Col, Terre Haute, USA) at 20 rpm for 8 h. After the adsorption, 
the samples were centrifuged at 13,000 rpm (HAWK 15/05 Sanyo, Japan) and 
the supernatant was collected for E2 measurement by HPLC/MS/MS. The 
residual HA concentration was measured with spectrophotometer (HACH, 
DR5000, USA) at a wavelength of 254 nm, where E1, E2, EE2 and BPA have 
no adsorbance peak and thus have no influence on the measurement of HA. 
Adsorption experiments of E1, EE2 and BPA were carried out in a similar 
manner to assess the adsorption performance of MIP. The NIP was also 
experimented in the same way for comparison. All the experiments were 
carried out in duplicates. 
3.4.3.2 Effect of pH 
pH 3.1, 4.1, 6.5, 9.0 and 11 were chosen to study the effect of pH on the 
molecular recognition of MIP and the pH was measured by pH/Cond meter 
(Navi F-54BW, Horiba, Japan). The pH values were adjusted by adding 0.1 M 
HCl or NaOH solution. The same adsorption experiments were carried out for 
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E1, EE2 and BPA. The NIP was also experimented in the same way for 
comparison. All the experiments were carried out in duplicates. 
3.4.3.3 Effect of ionic strength 
 
NaCl concentrations ranging 0, 2.5, 5 and 10 mM was selected to study the 
effect of ionic strength on the molecular recognition of MIP. MIP suspended 
solution were prepared with the E2 aqueous solution. NaCl solution of 0.1 M 
was added to adjust the concentration of NaCl in each sample. Adsorption 
experiments of E1, EE2 and BPA were carried out in a similar manner. The 
NIP was also experimented in the same way for comparison. All the 
experiments were carried out in duplicates. 
3.4.3.4 Effect of competing substances 
 
Similarly, an aqueous solution containing E1, E2, EE2, and BPA was also 
prepared with acetonitrile stock solution containing E1, E2, EE2, and BPA of 
1mM by diluting 50 times. Another MIP suspended solution was prepared 
with the aqueous solution containing E1, E2, EE2, and BPA. The final E1, E2, 
EE2, and BPA concentrations were 4 µM with a MIP concentration of 0.01 
mg/mL.  
3.4.4 Study of adsorption kinetics 
 
E2 of 1 mM stock solution was prepared in acetonitrile. MIP suspended 
solutions were prepared by diluting E2 stock solution 250 times with ultrapure 
water in 2 mL polypropylene centrifugal microtubes. The final E2 
concentration and competing substances concentrations was 4 µM with MIP 
concentration of 0.01 mg/mL. The total volume of each sample was 10 mL.  A 
reference solution of E2 without MIP was prepared as reference solution. The 
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NIP was also experimented in the same way for comparison. The MIP, NIP 
and reference samples were drawn at 2, 15, 60, 120, 240, 360, 480 min. The 
volume of samples drawn out for each time was 1 mL. The concentration of 
E2 was measured with HPLC-MS/MS. All the experiments were carried out in 
duplicates. The adsorption kinetics studies of E1, EE2 and BPA were carried 
out in the same mode as E2.  
3.4.5 Comparison of MIP and activated carbon 
 
In order to illustrate the selective adsorption of MIP, the MIP adsorption and 
powder activated carbon was compared. E2 aqueous solution was prepared by 
diluting 1 mM of E2 acetonitrile stock solution with ultra-pure water by 50 
times. Powder activated carbon suspended solution was prepared with the E2 
aqueous solution in 2 mL polypropylene centrifugal microtubes. The final E2 
concentration was 4 µM with PAC concentrations of 0.01 mg/mL. The total 
volume of each sample was 2 mL. Meanwhile, a reference solution of E2 
without MIP was prepared. The samples were mixed with the mixer at 20 rpm 
for 8 h. After the adsorption, the samples were centrifuged at 13,000 rpm and 
the supernatant was collected for E2 measurement by HPLC/MS/MS. The HA 
concentration of 20 mgL
-1
 as TOC was used to study the effect of HA on PAC 
using the same method used in the effect of HA on MIP/NIP adsorption.  
Adsorption experiments of E1, EE2 and BPA were carried out in a similar 
manner to compare the adsorption performances between MIP and PAC. All 
the experiments were carried out in duplicates. 
3.4.6 Modeling of MIP adsorption 
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In this study, Langmuir and Freundlich models were used to simulate the 
adsorption isotherms of E1, E2, EE2 and BPA in aqueous solution (Eq.1 and 
Eq.2).  
Adsorption isotherm model 
According to the adsorption performance of MIP in aqueous solution, 
Freundlich model was used to describe the adsorption isotherm (Equation 3.1). 
Sigmaplot-10 (SYSTAT Software Inc. U.S.A.) was used to process the data. 
Q=A*C
1/n
                                                (Eq.3.1) 
Where: Q: adsorption capacity (µmole/g polymer); A and n: adsorption 
coefficients; C: free concentration (µM). 
 
According to the adsorption performance of MIP in aqueous solution, 
Langmuir model (Eq. 3.2) was used to model the adsorption isotherm. Sigma 
plot-10 was used to process the data. 
                                                  Q=ABC/(1+BC)                                                      
(Eq.3.2) 
Where, Q: adsorption capacity (µmole/g polymer); A: maximum adsorption 
capacity (µmole/g polymer); B: binding constant denoting binding affinity 
(1/µM); C : free concentration (µM).  
3.5 Study on MIP regeneration  
Adsorption is the precondition of regeneration. In this part, the adsorption and 
regeneration of immobilized MIP and NIP were described as follows: 
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E1 aqueous stock solution was prepared by diluting 1 mM of E1 acetonitrile 
stock solution with ultra-pure water by 250 times. Immobilized MIP was put 
into bottles of 37.5 mL containing E1 aqueous stock solution with the final 
MIP concentration of 0.01 mg/mL. E1 solutoion of 4 µM containing PVA 
beads without MIP was prepared similarly. Reference solution of E1 without 
immobilized MIP and PVA beads was prepared for comparison. The NIP was 
also experimented in the same way for comparison. Adsorption experiments of 
E2, EE2 and BPA were carried out in a similar manner to assess the 
adsorption performance of MIP. All the experiments were carried out in 
duplicates. 
 
The regeneration of MIP was studied in the way of batch desorption after 
adsorption. According to static gradient desorption results, the mixture of 
methanol and ultrapure water in the volume ratio of 1:1 could be used as 
regenerating solvent. Firstly, the immobilized MIP beads was filtrated and put 
into 20 mL of regenerating solvent and the time of regeneration was 12 h. 
After the first batch of desorption, the concentration of E1 desorbed was 
measured. The PVA beads were filtrated and put into 10 mL of regenerating 
solvent and the time of regeneration was 12 h. The same regeneration was 
repeated and the concentration of E1 desorbed for each batch was measured. 
E2, EE2 and BPA were treated with the same approach. The PVA beads 
containing NIP and pure PVA beads without MIP and NIP were also 
experimented in the same way for comparison. All the experiments were 
carried out in duplicates.  
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3.6 Sample analysis 
3.6.1 Measurements of E1, E2, EE2 and BPA by HPLC/MS/MS 
 
All the four target compounds, E1, E2, EE2 and BPA were measured with 
HPLC (Agilent 1100 series, Germany)  and tandem double MS (API 2000, 
Applied Biosystems, USA) (Plate 3-5). The column used was ZORBAX SB-
C18 (3.5μm, 2.1*150 mm, Agilent) preceded with a guard column (CDB-C8, 
Agilent). The column used for the study on the effect of pH was Extend-C18 
(5.0μm, 2.1*150 mm, Agilent), which is suitable for wide pH range. Water 
samples were put into 2 mL vials (agilent) after centrifugation at 13,000 rpm 
for 9 min (HAWK 15/05 Sanyo, Jpan). 10μL of samples was drawn and 
injected into HPLC system. The mobile phase is a mixture of ultrapure water 
and HPLC grade acetonitrile. The mobile phase was run in the mode of 
gradient elution. The flow rate of the mobile phase was 0.3 mL/min with the 
total eluting time of 13 min. System parameters of HPLC/MS/MS are shown 
in Table 3-2.  
 
Plate 3-5 Setup of HPLC and tandem mass system 
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Table 3-2 Setup of HPLC/MS/MS detecting parameters. 
 










E1 269.079 145.000 100.000 -36.000 -330.00 -10.000 -50.000 -6.000 
E2 271.137 144.900 100.000 -46.000 -330.00 -10.000 -50.000 -4.000 
EE2 295.063 145.000 100.000 -46.000 -350.00 -10.500 -50.000 -4.000 
BPA 227.116 133.100 100.000 -26.000 -330.00 -10.000 -32.000 -4.000 
 
As for measurement of the effect of competing estrogenic compounds, the 
measuring method for multiple target compounds is the same as for the single 
target compounds. 
3.6.2 TOC and UV254 analysis 
 
TOC concentration was used to indicate the concentration of HA stock 
solution used for the study on the effect of HA on the selective adsorption. 
Before TOC measurement, samples were centrifuged at 12,000 rpm. The TOC 
was analyzed by Total Organic Carbon Analyzer (TOC-Vcsh, Shimadzu) 
(Plate 3-6). In the study of effect of HA on the selective adsorption of MIP, a 
spectrophotometer（DR5000, HACH, USA）was used for measurement of 




Plate 3-6 Setup of TOC analyzer  
 
Plate 3-7 DR5000 Spectrophotometer 
 
3.6.3 Molecular weight analysis 
 
HA of 40 mg/L in TOC was prepared with ultra-pure water. The range of HA 
molecular weight were characterized with acetone (molecular weight: 58 
daltons) and PSS (molecular weights: 1400, 4300, 6800, 13,000 and 32000 
daltons) as standards in LC (LC-10ATvp, SHIMADZU, Japan) with a 
chomatographic column (PL aquagel-OH 30×8μm) and an UV detector (Plate 
3-8). The mobile phase is composed of 0.0026M KH2PO4, 0.0023M K2HPO4 
and 0.09M NaCl.  The weight-average molecular weight and number-average 
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molecular weight were calculated with software of gel permission 
chomatography. 
 
Plate 3-8 Setup of gel permission chomatography system 
3.6.4 FTIR analysis of functional groups in humic acid  
 
The characterization of HA was carried out in order to interpret the effect of 
HA on the adsorption of MIP. FTIR (Varian 400 UMA FT-IR Microscope, 
Varian, USA) was employed to characterize the functional groups on the HA 
molecules (Plate 3-9). 50 mg of HA was firstly dissolved in 10 mL ultra-pure 
water and one drop of HA solution was put onto the surface of a piece of Zinc 
Selenide (Zn Se Window, 25×4mm, 160-1114, Pike technology, USA). After 





Plate 3-9 Setup of FTIR 
3.7 Characterization of adsorbent 
3.7.1 Scanning electron micrograph of bare MIP/ NIP and 
immobilized MIP/ NIP 
 
The MIP and NIP powder was firstly dried in desiccators overnight, followed 
by fixation and coating gold for 90 s (JFC-1600 auto fine coater, JEOL, Japan). 
Subsequently, the scanning electron micrograph (Field Emission Scanning 
Electron Microscope, QuanTA 200F Scanning Electron Microscope, 
Germany) (Plate 3-10) was used to observe the surface of synthesized MIP 




Plate 3-10 Field Emission Scanning Electron Microscope 
3.7.2 Measurement of specific surface areas of MIP and NIP 
 
The properties of MIP and NIP were characterized with BET test 
(Quantachome BET surface area and pore size analyzer NOVA 3000, USA.). 
Before BET test, the MIP and NIP were degassed with nitrogen gas at 37 
o
C 
overnight. Then the MIP and NIP samples were measured with liquid 
nitrogen. The specific surface areas, the specific pore volumes, average pore 
volumes and the pore volume distributions of MIP and NIP were 
characterized.  
 
The specific surface areas, the specific pore volumes, average pore volumes 
and the pore volume of distributions of immobilized MIP and NIP were also 
measured (Quantachome BET surface area and pore size analyzer NOVA 
4200, USA.) (Plate 3-11). Before the characterization of immobilized MIP and 
NIP, the immobilized MIP and NIP was kept at -20
o
C overnight followed with 




Plate 3-11 Quantachome BET surface area and pore size analyzer  
 
The specific surface areas, the specific pore volumes, average pore volumes of 
PAC were also measured with the same method. 
3.7.3 Measurement of density 
 
The densities of MIP and NIP were measured with density bottle of 10 mL. 
Equation 3.3 shows the calculation of density of MIP and NIP. 




                                       (Eq.3.3) 
Where, w1: mass of polymer; w2: mass of density bottle plus solvent; W3: 
mass of density bottle plus solvent and polymer; ρs: density of solvent. 
  
The solvent used in the measurement was methanol. This is because the 
surface of MIP and NIP is hydrophobic and can only be wetted by organic 
solvent and the pore inside the polymer could be penetrated. Therefore, the 
accuracy can be ensured. The density of methanol at 25
o





The density of immobilized MIP and NIP was also characterized with the 
same method. However, the solvent used in this measurement was methanol, 
instead of ultrapure water. This is due to the fact that the surface of MIP and 
NIP is hydrophobic and methanol can penetrate into the pores inside the MIP 
and NIP, which facilitates the measurement. 
3.7.4 Measurement of hydrophobicity 
 
The hydrophobicity of the surface of MIP and NIP was quantitatively 
characterized with contact angle measurement. Contact angles of MIP and NIP 
were measured with VCA-optima surface analysis system (AST products, Inc. 
USA.) (Plate 3-12). First, 30 mg MIP/NIP was prepared as polymer cake with 
hydraulic compressor (Specac) at 7.5 kg for 2 min. Then the cake of polymer 
was put on the platform of analysis system horizontally. A drop of 50 µL of 
water was dropped onto the surface of it. Then, the contact angle was 
calculated and the mean value was considered as the contact angles of MIP 
and NIP.  
 
The contact angles of immobilized MIP and NIP were also measured with the 
same method. However, before the measurements, the immobilized MIP and 
NIP beads after freeze drying were compressed with hydraulic compressor at 3 




Plate 3-12 Contact VCA-optima surface analysis system 
3.7.5 Measurement of Zeta potential and particle size 
 
The objective of measurement of Zeta potential is a basic characterization of 
surface properties of MIP and NIP particles in aqueous solution. Zeta potential 
will reflect the electrostatic properties of MIP and NIP beads in aqueous 
solution. The Zeta potential was analyzed by Zeta potential analyzer (Zeta 
Pals, Brookhaven instruments Corporation, USA) with software package of 
PALS Zeta potential analyzer (Plate 3-13). The Electrode used for the 
measurement of Zeta potential was BZ-ZEL Electrode Assembly (AQ-757, 
U.S.A). In addition, the particle sizes of MIP and NIP were also measured by 




Plate 3-13 Setup of Zeta potential analyzer 
3.7.6 Measurement of leakage of template molecules 
 
To test for the leakage of templates in water and in organic solvent, MIP was 
suspended in polypropylene centrifugal microtubes with ultra-pure water and 
acetonitrile, respectively. The final MIP concentrations were 10 mg/mL and 
the total solution volume was 1 mL. After 8 h of mixing at 20 rpm (Glas-Col, 
Terre Haute, USA) at ambient temperature, the solution was centrifuged, and 






Chapter 4 Results and discussions 
4.1 Introduction 
All experimental results in this study were showed and discussed in this 
chapter. Firstly, the confirmation of MIP was carried out in acetonitrile 
according to the standards for MIP confirmation.  There are two standards to 
confirm whether the polymer synthesized was qualified MIP. The first one is 
that MIP should adsorb more template molecules than NIP does and the 
second one is that MIP should adsorb more template molecules than other 
compounds whose molecular structures are similar to that of template 
molecule. According to the standards above, the adsorption of E1, E2 and EE2 
by MIP and NIP in acetonitrile was performed and compared. The results 
showed that the MIP synthesized was qualified MIP. With the qualified MIP, 
the selective adsorption performance of four estrogenic compounds, E1, E2, 
EE2 and BPA, was studied. 
 
The adsorption isotherm is the basic tool researching the adsorption 
performance of a certain adsorbent.  The adsorption isotherms of E1, E2, EE2 
and BPA by MIP were studied in aqueous solution. Thereafter, two 
conventional adsorption models, Freundlich and Langmuir isotherms were 
utilized to simulate the adsorption. Basing on the adsorption isotherms and the 
difference in adsorption capacity between MIP and NIP, a physical adsorption 
model, was proposed to interpret the selective adsorption of MIP. The physical 
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adsorption model specified that there are thee types of adsorption of MIP for 
target compounds, namely specific adsorption, semi-specific adsorption and 
non-specific adsorption. In order to clarify further the selective adsorption 
mechanism of MIP, static gradient desorption, a method similar to but more 
straightforward than dynamic desorption used in chomatography, was carried 
out though a series of mixtures of ultrapure water and acetonitrile. The 
desorption study confirmed the physical adsorption model in terms of the 
binding affinities between target compounds and the binding sites on MIP.  
 
With the clarification of selective adsorption mechanisms, the effect of 
environmental factors on the selective adsorption of MIP was studied. The 
environmental factors in this study include HA, pH, ionic strength and 
competing estrogenic compounds. The range of HA concentration was from 0 
to 20 mg/L in TOC and that of pH ranged from 3 to 11. NaCl was selected to 
study the effect of ionic strength and the concentrations ranged from 0 to 10 
µM.  The effect of competing estrogenic compounds was studied though the 
adsorption of mixed E1, E2, EE2 and BPA in aqueous solution. The study on 
the effect of environmental factors can reveal whether the adsorption and the 
selective adsorption capacity of MIP can be influenced, or to what extent they 
can be affected. 
 
Kinetics study is one of the basic performances of adsorption. The kinetics 
studies for the four estrogenic compounds in aqueous solution were studied. 
The objective is to reveal the kinetic characteristics of uniform sized sub-
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micro particle of MIP in absorbing estrogenic compounds from aqueous 
solution. 
Regeneration of MIP is another key point in this study. One precondition for 
regeneration is the complete separation of adsorbent and the solution where 
the adsorption occurs. In order to separate completely MIP absorbing target 
compounds from solution containing residual target compounds, the 
immobilized MIP and NIP was employed in adsorption and regeneration. The 
regeneration can show whether the MIP adsorption capacity, especially the 
selective adsorption capacity can be regenerated effectively.  
 
Finally, the adsorption capacity between MIP and PAC was compared in order 
to show the selective adsorption capacity of MIP. It is considered that 
activated carbon adsorbs target compounds not though molecular recognition. 
This study illustrates the selective adsorption capacity of MIP, which is the 
fundamental basis for the application of MIP. 
4.2 Confirmation of MIP 
Fig. 4-1 shows the adsorption capacity of MIP and NIP in acetonitrile 
solution. It could be seen that the MIP adsorbed more E2 than NIP did. The 
difference in the E2 removal efficiency between MIP and NIP was up to about 
20% at MIP/NIP concentrations of 20 mg/mL. This is relatively larger than 
that obtained by Le Noir et al. (2006) whereby approximately 10% difference 
in toluene was observed between MIP and MIP synthesized in acetonitrile. 
 86 
This could be due to the different solvents and E2 concentrations used in the 
two studies.  
 
 
Fig. 4-1 Adsorption performance of MIP and NIP in acetonitrile solution. 
 
It is also noted that the removal efficiencies of MIP/NIP for E2 increased 
almost linearly. This means that the adsorption of E2 belongs to unsaturated 
adsorption state and higher MIP/NIP concentrations would lead to more E2 
absorbed. In addition, the E2 bound by MIP increased faster than NIP. This is 
due to the existence of selective binding sites in MIP. With increased MIP 
concentration, more E2 can be absorbed by those selective binding sites while 
NIP has no function of selective adsorption. Umpleby et al. (2001c) studied 
the selective adsorption of Ethyl adenine-9-acetate (EA9A) in acetonitrile with 
MIP imprinted with EA9A though bulk polymerization. With a residual 
concentration of 2 mM, the adsorption capacities of MIP and NIP were 0.5 
and 0.2 µmol/g, respectively, which is in the same order of adsorption capacity 
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Generally, the adsorption capacity of MIP/NIP in acetonitrile was low. This is 
because the solubility of the target compound is relatively high in acetonitrile 
compared to in aqueous solution (see 4.5). The acetonitrile can dissolve the 
target compounds and overcome the binding affinity between target 
compounds and MIP/NIP. However, the selectivity of MIP in solvent, 
especially in aprotic solution with low polarity such as acetonitrile was high. 
This is due to the fact that acetonitrile is considered as a poor hydrogen 
bonding solvent and has little ability to compete with hydrogen bonding sites 
(Shellergren, et al., 1995). In addition, the nonspecific adsorption can also be 
reduced because the hydrophobic interactions in aqueous solution, one of the 
main driving forces of adsorption is not present in acetonitirle. For example, 
MIP imprinted with theophylline and with MAA as functional monomer 
showed about 90% of binding efficiency and about 20% of that in 9:1 toluene/ 
tetrahydrofuran solution when the MIP/NIP concentration were 10 mg/mL 
(Yan et al., 2005). Solvent still has an effect of swelling on the MIP/NIP 
particles. This property will influence the MIP/NIP performance to some 
extent. Solvent molecules could solvate the molecular chain of MIP/NIP and 
increase the volume of the particles in solvent, which may expose more 
selective binding sites (Shellergren, 1995). Sellergren et al. (1995)  studied the 
accessibility of carboxyl group on MIP imprinted with L-phenylalanine in 
aqueous solution and acetonitrile-aqueous solution. A lower accessibility of 
60~70% was tested in aqueous solution while in acetonitrile- aqueous solution, 
the corresponding value was 75~85%. The result was attributed to the lower 
swelling in aqueous solution (Sellergren, et al., 1993b). The swellings 
(mL/mL) of the MIP and NIP were 1.36 and1.31 in acetonitrile, respectively. 
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In contrast, the corresponding values were 1.30 and 1.28 in water, respectively 
(Sellergren, et al., 1993a). This characteristic has a fundamental influence on 
the MIP/NIP adsorption performance. In brief, different solvent can influence 
the property of MIP/NIP and affect the driving force of target compounds to 
be absorbed.  
 
 
A comparison between the adsorption capacities of MIP and NIP for E1, E2 
and EE2 in acetonitrile is illustrated in Fig. 4-2. It was noted that the MIP 
could absorb much more E2 than E1 and EE2 in acetonitrile. The MIP could 
absorb 0.72 µmole/g polymer of E2 while the corresponding adsorption 
capacities for E1 and EE2 were 0.11 and 0.12 µmole/g polymer, respectively. 
In addition, the difference in the adsorption capacity between MIP and NIP for 
E2 was up to 0.52 µmole/g polymer in acetonitrile while the corresponding 
differences for E1 and EE2 were 0.08 and 0.06 µmole/g polymer, respectively. 
This demonstrated the selectivity of MIP to the template molecule. In 
comparison, Le Noir et al. (2007) obtained an adsorption capacity of up to 
about 17.1 pmol E2/g polymer in toluene and found that the amount of E2 
bound by MIP was always approximately 10% higher than that bound to NIP 
in toluene. This was due to the very low initial concentration of E2 of 475.6 
fmol/mL.  
 
Fig. 4-2 also shows differences in the adsorption capacities of MIP and NIP 
for E1 and EE2. This suggested a function of MIP selectively adsorbing 
molecules whose molecular structures were similar to that of template. 
However, it was noted that the difference in adsorption capacity between MIP 
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and NIP for E1 was slightly higher than that for EE2. This might arise from 
the fact that the molecular structure of E1 is more similar to that of E2 than 
EE2. It is also suspected that the ethinyl group in the structure of EE2 might 
lead to the steric obstacles during rebinding. According to Fig. 4-1 and Fig. 4-
2, it can be said that the MIP synthesized was qualified MIP according to the 
two standards for evaluating the MIP and can be utilized to study the selective 
adsorption of estrogenic compounds. 
 
Fig. 4-2 Comparison of adsorption capacity of MIP and NIP for E1, E2, and 
EE2 in acetonitrile solution. 
 
4.3 Characterization of MIP and NIP 
4.3.1 Characterization of bare MIP and NIP 
The MIP and NIP synthesized were uniformly sized beads with diameters of 
about 0.2 μm as shown by Fig. 4-3. BET test were used to characterize the 
specific surface areas, the specific pore volumes, average pore volumes and 
the pore volume distributions of MIP and NIP. Specific surface area and the 
hydrophobicity of MIP and NIP would influence their adsorption capacities 







































adsorption of MIP. Table 4-1 shows the results of characterization of MIP and 
NIP while Fig. 4-4 shows the pore volume distributions of MIP and NIP. The 
morphology as well as the corresponding characteristics of MIP and NIP 
depends on the synthesizing conditions. Specifically, once the porogen and 
polymerizable monomer are determined, the concentrations of the porogen and 
polymerizable monomer would play a key role in the determination of 
polymer characterization. Bulk polymerization can occur at a low 
concentration of porogen. After extraction, the porogen will provide a good 
porosity of MIP and NIP. In an increased concentration of porogen, macrogel 
particles can be formed. With a further dilution, such as precipitation 
polymerization, microgel powder would be generated. However, in this case, 
the specific surface area depends on the aggregation of polymer chain into 
sub-micro spheres that finally precipitate out from porogen, which reflects the 
complexity of MIP synthesis.  
        
Fig. 4-3 Scanning electron micrograph of MIP and NIP. 
 
According to Table 4-1, MIP had larger specific surface area and average pore 
diameter than NIP. This could be due to the addition and extraction of 
template molecules. The average pore diameters of MIP and NIP were above 
100 Å, which belong to mesopores (20~500 Å), suggesting relatively low 
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diffusion resistance. Actually, the diffusion is slow in pores less than 20 Å due 
to the capillary forces (Sellergren, 2001). Furthermore, pore diameter less than 
100 Å contributed majority of pore volume for MIP (Fig.4-4). In contrast, the 
specific surface area of E2 imprinted sub-microsphere MIP of 400 nm in 
diameter, obtained by Wei et al. (2006) was only 10.3 m
2
/g, lower than that in 
this study. However, the specific surface area of microsphere MIP (3 µm) 
imprinted with E2 was up to 700 m
2
/g, which is comparable to that of bulk 
polymer imprinted with E2 (550 m
2
/g), indicating a complex mechanism of 
generation of specific surface area (Wei et al., 2006 and 2007). Compared 
with the specific surface areas obtained by Le noir et al. (2007) and Sellergren 
et al. (1993), the specific surface areas of MIP and NIP in this study were also 
much lower. The method used by Le noir et al. (2007) and Sellergren (1993) 
was bulk polymerization in which porogen served to contribute the porosity of 
MIP after polymerization and extraction. In comparison, in precipitation 
polymerization, the solvent, acetonitrile in this study, was only used to dilute 
and prevent the aggregation of spheres, generated by phase conversion due to 
growing polymer chain, into a bulk polymer. Therefore, bulk polymerization 
gain higher specific surface area. Furthermore, in bulk polymerization, all the 
template molecules were incorporated into the MIP and most of them would 
be extracted during the extraction, which provided more specific surface area. 
The template molecules incorporated into MIP obtained by Le Noir et al. 
(2007) was about 0.05 g E2 /g MIP assuming the extraction of template 
molecules of 100%. In contrast, the corresponding value was about 0.017 g 
E2/g MIP in this study (Table 4-5). This may also contribute to the larger 
specific surface area of MIP in Le Noir et al.’s (2007) study.  It was also noted 
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that the specific pore volume of MIP and NIP were lower than those obtained 
by Le Noir et al., suggesting a higher density of MIP and NIP than that in Le 
Noir et al.’s (2007) study. Similarly, the densities in this study were also 
higher than those synthesized by bulk polymerization (Sellergren, 2001).  
 
The hydrophobicity of both MIP and NIP were quantitatively characterized by 
contact angle. The contact angles for both MIP and NIP were slightly more 
than 100 degrees, suggesting strong hydrophobic properties of MIP and NIP 
surface. This is because the crosslinker, TRIM, is a hydrophobic molecule. 
After polymerization, the hydrophobicity was reflected. Rosenberg et al. 
(1980) studied the polymerization of TRIM in toluene and found that the 
contact angle of the resulting polymer was up to 140
o
, which is much higher 
than that in this study. This is because the methacrylic acid, which contains 
carboxylic group, was polymerized in MIP matrix in this study. It also implies 
that MAA appeared on the surface of MIP after polymerization. Consequently, 
the contact angle was reduced to about 100
o
. However, it still suggested that 
hydrophobic molecules have strong potentials to be absorbed by MIP and NIP. 
Table 4-1 Characterization of MIP and NIP. 
 
 Parameters MIP NIP 
Specific surface area  (m
2
/g) 71.53 53.37 
Specific pore volume (cm
3
/g) 0.28 0.16 
Average pore diameter (Å) 158.29 119.30 
Density (g/cm
3
) 1.02 1.04 
Contact angle  (
o
) 100.3 100.1 
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The Zeta potentials of MIP and NIP in different environments as well as the 
particle size of MIP and NIP were also measured (Table 4-2). According to the 
Zeta potentials, it is noted that the surface of MIP and NIP were negatively 
charged. The negatively charged MIP/NIP surface could result from the 
dissociation of carboxyl group on MAA, which was polymerized to form the 
matrix of MIP.  However, the measured mean particle size in aqueous solution 
was about 300 to 500 nm, about 2 times bigger than those observed by SEM, 
suggesting the aggregation of MIP/NIP particles to some extent. 




Mean particle size  in aqueous 
solution (nm) 
Zeta potential  (mv) 
MIP NIP MIP NIP 
HA (mg/L) 0 385.8 347.4 -21.9 -25.9 
5 371.4 371.4 -33.5 -39.2 
10 399.2 336.2 -49.0 -41.9 
20 439.1 334.0 -38.6 -48.3 
pH 3.1 387.4 361.0 -32.7 -25.8 
4.1 398.2 355.3 -49.6 -29.6 
6.5 416.3 359.7 -45.5 -28.5 
9 422.4 329.3 -48.2 -24.9 
11 501.3 368.3 -49.5 -26.9 
NaCl (mM) 2.5 408.8 342.5 -35.7 -47.2 
5 423.8 324.5 -36.5 -38.8 










Fig. 4-4 Pore volume distributions of MIP and NIP. 
 
4.3.2 Characterization of immobilized MIP and NIP 
In order to facilitate the regeneration study, the MIP and NIP were 
immobilized though PVA-boric methods. The scanning electron micrograph 
of immobilized MIP/NIP are shown in Fig. 4-5. As shown, most MIP/NIP 
particles were entrapped in the form of clusters inside the PVA matrix while 
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of the matrix. This confirmed the entrapment of MIP/NIP particles in the PVA 
matrix. As shown in Fig. 4-5 (c), the PVA spheres formed were white elastic 
beads with a diameter of about 3 mm. The PVA-boric methods can be used to 
immobilize items as small as bacteria. Some other immobilizations were also 
used in the MIP/NIP entrapment to facilitate the application of grinded 
MIP/NIP though bulk polymerization. For example, MIP/NIP immobilized in 
PVA cryogel matrix was used to study the removal of estrogenic compounds 
(Le Noir et al., 2007a). The effective diameter of the grinded MIP/NIP in the 
PVA cryogel matrix ranged from less than 25 to 106 µm. 
     






(c) PVA-boric sphere containing MIP, NIP and pure PVA-boric sphere  
Beaker at right hand of (c) labeled R is the pure PVA –boric sphere without MIP/NIP 
Fig. 4-5 Immobilized MIP and NIP.  
 
 
The BET test were also used to characterize the specific surface areas, the 
specific pore volumes, average pore volumes and the pore volume 
distributions of immobilized MIP and NIP. Fig. 4-6 shows the pore size 
distribution of immobilized MIP and NIP while Table 4-3 shows the results of 
characterization of immobilized MIP and NIP.  
 





















































(B) Immobilized NIP. 
Fig. 4-6 Pore volume distribution of immobilized MIP and NIP. 
 
The characteristics of immobilized MIP and NIP were basically the 
characteristics of PVA beads formed in boric acid because the amount of MIP 
and NIP immobilized in the matrix of PVA was less than 1% (Table 4-3). It 
was noted that the specific surface area was quite low, suggesting the beads 
itself would not provide much of adsorption capacity. The average pore 
diameter of less than 20 Å ensured the fixation of MIP and NIP particles in the 
matrix of PVA. However, the small pore diameter would not influence the 
diffusion of target compounds into the binding sites of MIP which cannot exist 
in the pores less than 20 Å. The density of PVA beads was 1.24 g/cm
3
, and 
this is consistent with the density of PVA of 1.19~1.31 g/cm
3
 although it was 
cross-linked by boric acid. PVA is a strongly hydrophilic molecule due to the 
hydroxyl group. Therefore, the contact angle was only around 56~60
o
. This is 
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Table 4-3 Characterization of immobilized MIP and NIP. 
 
 Parameters  MIP NIP  PVA without 
 MIP and NIP 
Specific surface area  (m
2
/g) 11.156 11.836 14.319 
Specific pore volume (cm
3
/g) 0.022 0.025 0.028 
Average Pore radius  (Å)   15.198 16.239 15.384  
Density (g/cm
3
) 1.24 1.24 1.24  
MIP and NIP  immobilized (mg/g) 7.14 7.14     _ 
Contact angle  (
o
) 56.55 59.20 58.55 
 
4.3.3 Leakage and mass balance of template 
The leakage of template molecules and the mass balance of template 
molecules are the basic material properties of MIP, which is related to the 
adsorption of estrogenic compounds. Study on the leakage demonstrated that 
no leakage of template was detected (detection limitation of 0.5 μg/L) in 
aqueous solution after 8 h of leakage experiment (Table 4-4). This could be 
due to the strongly hydrophobic property of template, E2. Such a 
characteristic, whereby no leakage of template is detected in aqueous solution 
is a basic but paramount precondition for the application of MIP as an 
adsorbent in water or wastewater streams. However, the leakage in acetonitrile 
was 7.54 µg E2/g polymer. This is due to the high solubility of E2 in 
acetonitrile. Actually, trace leakage of template molecules is one of the 
characters of MIP synthesized though non-covalent approach (Sellergren, 
2001 and Andersson et al., 1997). During the polymerization, some template 
molecules may be entrapped tightly between the polymer chains and can not 
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be extracted effectively while trace template molecules may even react with 
the free radical and be fixed in the matrix (Sellergren et al., 1995).  Andersson 
et al. (1997) synthesized MIP with sameridine analogue as temple to 
concentrate sameridine and used it as SPE adsorbent after careful extraction. 
The leakage of the sameridine analogue was evidenced by the peak appearing 
in GC spectrum (Andersson et al., 1997). Ellwanger et al. (2001) studied the 
influence of various post-polymerization treatments, including thermal 
annealing, microwave assisted extraction (MAE), Soxhlet extraction and 
supercritical fluid template desorption, on bleeding of MIP imprinted with 
clenbuterol. The results showed the lowest bleeding level was found at 3 
ng/ml of clenbuterol. However, none of the treatments tested eliminated 
template bleeding completely (Ellwanger et al., 2001). In contrast, template 
leakage was not found in chomatographic stationary phases composed of MIP 
for nicotine. It was attributed to the heat post treatment of MIP (Zander et al., 
1998).  
 
Table 4-4 Leakage detection of E2. 
 
 Leakage in water 
(µg E2/g) 
Leakage in acetonitrile 
(µg E2/g) 
MIP ND 7.54 
Remarks  ND: Not detectable. 
Detection limit: 0.5 μg/L. 
 
The study on the mass balance of template E2 revealed that after the 
polymerization, majority of templates could be extracted out, thus resulting in 
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a high recovery of template E2, namely 102% (Table 4-5). However, it should 
be emphasized that there are some trace templates left in the polymer matrix 
which could lead to the leakage in acetonitrile according to the leakage results. 
It implicated that during regeneration of MIP, some of these template fixed 
might be released. The recovery of template indicates the selective adsorption 
capacity of MIP and the potential of template leakage. The template recovery 
can be up to almost 100% according to current research and about 1% of 
template incorporated into MIP may remain in MIP after careful extraction 
(Sellergren, 2001; Zander et al., 1998, Ellwanger et al., 2001 and Rashida et 
al., 1997).  
Table 4-5 Mass balance of template molecules. 
 
 Mass of E2 (mg) Remark  
Mass of E2 left in solution 
after polymerization 
47.870 1. The purity of E2 used 
in polymerization is 
98%. 
2. The MIP polymerized 
is 125 mg after 
polymerization. 
3. The yield of MIP was 
125/331.4=37.7% 
4. Template molecule 
extracted per unit mass 
of MIP was 
2.172/125=0.017  




Extraction 1 1.570 
Extraction 2 0.589 
Extraction 3 0.006 
Extraction 4 0.001 
Extraction 5 0.002 
Extraction 6 0.003 







Mass of E2 extracted  2.172 
Total mass of E2 50.042 
 Recovery (%) 50.042/(50*0.98)*100
=102 
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4.4 Characterization of powder activated carbon  
PAC obtained from Sigma-Adrich was used as adsorbents for the comparison 
of adsorption between MIP and PAC. The characteristics of PAC used are 
given in Table 4-6. Compared with the MIP and NIP, the specific surface area 
of PAC was much higher and was up to 763.8 m
2
/g. This implies that PAC 
could absorb much more estrogenic compounds than MIP and NIP. However, 
the mean pore diameter was only 12.724 Å, lower than that of MIP.  The small 
mean pore diameter may limit target compounds diffusing into the binding 
sites of PAC and consequently, some of the surface area resulting from the 
micropores less than mean pore diameter could not play a role in adsorption. 
In fact, the distance between the two hydroxyl groups on the E2 molecule is 
about 12 Å (Birkett et al., 2003). This suggested that micropores in AC could 
have striking steric obstacles for the rebinding of target estrogenic compounds. 





Ash content (%) ≤ 5 
Particle size (μm) 
(nominal) ≤40 (75%) 
BET Surface area (m
2
/g) 763.8  
Mean pore diameter (Å) 12.724  
Mean diameter (μm) 19.71  
4.5 Study on adsorption isotherms 
The removal of estrogenic compounds is one of the targets in water and 
wastewater treatment (Liu et al., 2004; Coleman et al., 2004; Oshihisaohko et 
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al., 2002; Wintgens et al., 2002; Nghiem et al., 2002 and Nghiem et al., 
2004). Adsorption is a suitable choice for the removal of estrogenic 
compounds because most of these compounds are inherently hydrophobic in 
nature and are present at trace concentration in the environment (Birkett, 2003; 
Ying et al., 2003; Fukuhara et al., 2006 and Zhang et al., 2005). Selective 
adsorption of estrogenic compounds using molecularly imprinted polymer 
(MIP) was proposed by some researchers (Nishiyama et al., 2002; Kuramitz et 
al., 2002; Meng et al., 2005; Noir et al., 2006; Noir et al., 2007 and Lin  et al., 
2008). This idea is based on the fact that MIP can selectively adsorb 
estrogenic compounds with its selective binding sites and thus avoid the 
adverse influence of competing substances such as natural organic 
compounds. Adsorption isotherm is the fundamental approach for adsorption 
study. Therefore, it is necessary to study the adsorption isotherms of the four 
estrogenic compounds, E1, E2, EE2 and BPA, in aqueous solution.  
4.5.1 Adsorption isotherms for E1, E2, EE2 and BPA in aqueous 
solution 
The adsorption isotherms for the four typical estrogenic compounds are shown 
in Fig. 4-7, Fig. 4-8, Fig. 4-9 and Fig. 4-10. With the initial E1, E2, EE2 and 
BPA concentrations of 4 µM in water and an adsorbent concentration in the 
range of 0.01~ 0.5 mg/mL in static rebinding adsorption, MIP was able to 
attain adsorption capacities of 110.4, 105.5, 121.8 and 59.4 µmole/g polymer 
for E1, E2, EE2 and BPA, respectively, when the residual concentrations were 
about 3 µM. 
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However, in the beginning of the isotherms, besides the low adsorption 
capacity, there was also no difference between the MIP and NIP adsorption 
capacities. Firstly, with very low residual concentration, the driving force for 
the selective adsorption is low and result in disappeared selective adsorption. 
Secondly, in the beginning of the isotherms, both MIP and NIP were under 
unsaturated adsorption state and the adsorption capacities of MIP and NIP was 
close to each other although MIP has selective adsorption capacity. Both of 
the two adsorbents still have potential adsorption capacity. Thirdly, in aqueous 
solution with low concentration of residual target compounds, water molecules 
might compete with estrogenic compounds to interact with the carboxyl group 
in MIP though hydrogen bonding although those target compounds are 
hydrophobic molecules (Sellergren, 1995). The adsorption capacities of 
MIP/NIP for these compounds depend on the comprehensive effect including 
the hydrophobic interaction and the interaction of water molecules with 
carboxyl group though hydrogen bonding.  
 
However, with the increase of the residual concentrations from less than 1 to 
about 3 µM, the difference between MIP and NIP was shown gradually until 
the largest difference at the end of the isotherm appeared, where MIP and NIP 
are approaching the saturated adsorption state. 
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Fig. 4-7 Adsorption isotherms of MIP and NIP for E1 in aqueous solution.  
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Fig. 4-8 Adsorption isotherms of MIP and NIP for E2 in aqueous solution. 
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Fig. 4-9 Adsorption isotherms of MIP and NIP for EE2 in aqueous solution. 
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Fig. 4-10 Adsorption isotherms of MIP and NIP for BPA in aqueous solution. 
 
Compared with the adsorption capacity of MIP in acetonitrile (Fig. 4-2), the 
adsorption capacity for E1, E2 and EE2 obtained in aqueous solution was 
much higher. In aqueous solution, the adsorption capacities of MIP for E1, E2 
and EE2 were up to 110.4, 105.5, 121.8 µmole/g polymer, respectively, while 
the corresponding adsorption capacities of MIP in acetonitrile were 0.11, 0.72 
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and 0.12 µmole/g polymer, respectively (Fig. 4-2). This is mainly due to the 
strongly hydrophobic properties of E1, E2 and EE2 as well as the hydrophobic 
properties of MIP surface. It suggested that the hydrophobic interactions 
dominated the driving force of adsorption. This is consistent with the research 
carried out by Bravo et al. (2005) that in aqueous solution, the hydrophobic 
interaction would result in high adsorption capacity. In contrast, the adsorption 
capacity of BPA was the lowest due to the relatively high solubility of BPA 
among the four in aqueous solution. Meng et al. (2005) however, obtained 
much higher adsorption capacity (300 µmole/g) using MIP with α-estradiol as 
template and with the employment of surfactants. This was attributable to the 
use of a template concentration of more than 100 µM (Meng et al., 2005). The 
surfactants used ensured that the α-estradiol concentration as high as 100 µM 
could be obtained in aqueous solution. 
 
The difference in adsorption capacities between MIP and NIP can be 
considered as an indicator of selective adsorption capacity. The difference for 
E2 in aqueous solution was approximately 20% at E2 residual concentration of 
3.2 µM, which is lower than the result obtained by Le Noir et al. (2007b) 
which was up to 50%. Except the different specific experimental condition, it 
could also be because more template molecules, E2, were extracted out of MIP 
used by Le Noir et al. (2007b).  E2 extracted out of per unit mass of MIP by 
them was roughly three times that in this study (Table 4-5), suggesting a better 
imprinting effect. However, they used almost 5 times higher amount of 
template molecules than in this study. More template molecules extracted out 
could result in to some extent a better imprinting effect. However, the 
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imprinting effect of unit mass of template molecules should be concerned in 
MIP study. 
 
For E1 and EE2, the difference was less than 10%, smaller than that of E2. 
This was consistent with the results obtained in acetonitrile solution. However, 
the difference of adsorption capacity between MIP and NIP in aqueous 
solution was obviously lower than that in acetonitrile, showing a reduced 
selectivity. This was also due to the strongly hydrophobic properties of E1, 
E2, EE2 and BPA. Therefore, there is a need to enhance the selectivity of MIP 
in aqueous solution in order to obtain a highly specific adsorption. Selectivity 
of MIP depends on both the selective adsorption and non-specific adsorption. 
Increased selective adsorption capacity and decreased non-specific adsorption 
capacity will result in enhanced selectivity. By synthesis of MIP with 17α-
estradiol as template and acrylamide as functional monomer, Meng et al. 
(2005) was able to achieve a good selectivity that the adsorption capacity of 
MIP was about 7 times higher than that of NIP. This could be attributable to 
the employment of Triton-100 surfactants in rebinding static experiment 
which could reduce the non-specific adsorption of hydrophobic compounds 
(Meng et al., 2005). In addition, the low temperature (4 
0
C) during the 
synthesis of MIP might be another factor contributing to the high selectivity. 
Low temperature during polymerization could lead to more template-
functional monomer complexes and consequently, more binding sites after 
polymerization and extraction (Bartsch et al., 1998). 
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According to the results obtained in this study, it can be concluded that the 
adsorption capacity of both MIP and NIP was enhanced significantly due to 
the strongly hydrophobic properties of target molecules in aqueous solution, as 
compared to that in acetonitrile. The results also demonstrated that MIP 
possessed some selectivity in aqueous solution although the selectivity of MIP 
was adversely influenced in aqueous condition. This result proved indirectly 
that MIP had lots of non-specific binding sites, which was an inherent 
property of MIP based on non-covalent approach for MIP synthesis.  
 
In order to enlarge the difference in adsorption capacities of MIP and NIP, the 
template extracted out of unit mass of MIP should be increased and the 
adsorption capacity of NIP should be decreased.  The selective adsorption 
capacity of MIP relied on the material used for synthesis, amount of template 
molecules extracted and the target compounds absorbed as well as the 
environment. Solvent which can dissolve more template molecules can extract 
more templates with extensive extraction, repeating a few times extraction to 
enhance the extraction efficiency.  NIP adsorption capacity depended on the 
same factors except the amount of template molecules. However, it should be 
emphasized that the amount of template molecules extracted was more 
important aiming at more selective adsorption as nonspecific adsorption, 
represented by NIP adsorption capacity, could occur widely due to the 
universal nonspecific interactions, such as hydrophobic interactions. The 
nonspecific adsorption could mainly be reduced by selecting suitable 
functional monomer and crosslinker as well as the corresponding conditions in 
synthesis. This is because the final adsorption property of NIP depended on 
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the monomer used as well as the synthesizing conditions and would basically 
influence the nonspecific adsorption once the target compounds and the 
environment applied are determined. 
 
Specific adsorption, the selective binding of target compounds by MIP, 
involves molecular recognition of target compounds. It requires a steric and 
electronic microenvironment complementary to that of the compounds-of-
interest to be bound (Konig, 1995). However, it is commonly known that the 
non-specific adsorption would occur for MIP based on non-covalent synthesis 
approach. This is because more functional monomers than stoichiometric 
requirement are needed during the synthesis in order to obtain more template-
functional monomer complexes. This ensures that more resultant binding sites 
and adsorption capacity could be formed (Fig. 4-11). The molar ratio of 
functional monomer to the template in this MIP synthesis procedure was 5.5:1, 
higher than the required ratio of functional monomer to template, whereby one 
template molecule would require two functional monomer molecules to form a 
complex though two hydrogen bondings. After the polymerization, some 
functional monomers which do not form complexes would remain in the 
matrix of the polymer, thus providing the possibility of non-specific 
adsorption though hydrogen bonding.      
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Fig. 4-11 Schematic diagram of the template-functional monomer complex. 
 
In addition, the carbonyl groups of the cross-linker could also appear on the 
surface of the polymer beads and create the conditions of non-specific 
adsorption though hydrogen bonding. Furthermore, due to the hydrophobic 
interaction and van der Waals force, some other types of non-specific 
adsorption could also occur in aqueous solution.  
4.5.2 Modeling of adsorption isotherms 
Fig 4-12, Fig 4-13, Fig 4-14 and Fig 4-15 show the simulation of adsorption 
with Langmuir and Freundlich models while Table 4-7 and Table 4-8 list the 
parameters for the two models. According to Table 4-7 and Table 4-8, both of 
the two models could simulate the adsorption isotherm with all R
2
 above 0.96. 
However, it is known that these two models have fundamentally different 
physical meaning. Specifically, Langmuir model is a homogeneous binding 
model and is more suitable for the saturated adsorption while the Freundlich 
model is a heterogeneity model and can be found more used in the simulation 
of unsaturated adsorption. In fact, according to Fig 4-12, Fig 4-13, Fig 4-14 
and Fig 4-15, when the equilibrium of adsorption were close to saturation, the 
Langmuir can simulate the data better than Freundlich model, which deviated 
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the data point close to adsorption saturation. The parameters in Langmuir 
model can show the mean binding affinity of binding sites on MIP and the 
maximum adsorption capacity of MIP. The mean binding affinity depended on 
the comprehensive effect of hydrogen bond, hydrophobic interaction and Van 
Der Wall force between the four target compounds and MIP/NIP binding sites 
in aqueous solution. Especially for adsorption of hydrophobic molecules in 
aqueous solution, the hydrophobic free energy due to hydrophobic interaction 
can be up to more than 20 kJ/ mol, the same order as that of hydrogen 
bonding, which should not be ignored (Israelachvili, 1992). According to 
Table 4-8, the A values of E1, E2, EE2 and BPA to MIP were always higher 
than those to NIP, reflecting the occurrence of selective adsorption. 
Furthermore, the A value for MIP-E2 was the highest, suggesting the MIP 
may absorb more E2 than other thee estrogenic compounds. MIP-EE2 also has 
a high A value. This is because EE2 is a strongly hydrophobic molecule. In 
contract, BPA, whose log Kow is relatively low, had the lowest maximum 
adsorption capacity.  
 
It was also noted that MIP-EE2 and NIP had relatively high B values. This is 
also due to the hydrophobic interaction, which was supported by EE2’s log 
Kow of 4.15. However, all the B values for NIP were higher than those for 
MIP. This suggested that the average binding affinity of MIP was not as high 
as expected due to the heterogeneity of the binding sites in MIP.  In other 
words, the parameter in the model above can not differentiate different binding 
affinities between MIP and NIP due to the heterogeneity. For instance, the 
carboxyl group in both MIP and NIP may provide the similar binding affinities 
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towards target compounds. In addition, although the selective binding sites 
have higher binding affinity due to the complementary environment to target 
compounds, the other nonspecific binding sites in MIP may have relatively 
low binding affinities compared to NIP. After all, the synthesizing conditions 
for MIP and NIP were different due to the addition of template molecules, 
which deserves further in-depth study.   
 
Umpleby et al. (2001b) compared the fitting parameters of Langmuir model 
which was used to simulate two MIPs. The adsorption capacity ranged from 
20 to 93 µmole/g while the corresponding B values were 25 M
-1
 and 5.5 mM
-1
 
covering a wide range (Umpleby et al., 2001b). This is, except the specific 
adsorption properties, mainly due to the concentration windows in which they 
were tested. Bi-Langmuir (Scachard analysis) and Tri-Langmuir were also 
used to simulate MIP adsorption isotherm. However, these heterogeneous 
binding models assume the binding sites can be classified into different types 
of binding sites with each type being homogeneous, which is not convincible 
due to the structural diversity of MIP (Sellergren, 2001; Umpleby et al, 2001b 
and Kim et al., 2006).  Although they may give good fitting, it may be because 
more parameters were employed in the simulation (Umpleby et al., 2001b). 
Mathematically, the more parameters a model contains, the better fitting 
results can be obtained. However, it should be emphasized that, in this study, a 
physical model containing thee types of binding sites was proposed according 
to the comparison between adsorption isotherms of E1, E2, EE2 and BPA, 
which is different from the simulation with tri-Langmuir based on one 
compound’s isotherm (See next subsection 4.6.1). The physical model relied 
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on the difference in adsorption capacities between MIP and NIP for different 
target compounds. 
 
Freundlich isotherm, a heterogeneous model was used to simulate the 
adsorption performance. The A values in Table 4-7 ranges from 33.4 to 60.5 
µmole/g/µM. The MIP-EE2 and NIP-EE2 had relatively high A values, 
meaning a relatively high adsorption capacity compared to others, which is 
consistent with the Langmuir model. The parameter 1/n in Fruendlich model 
has dual significance. It can quantify the percentage of binding sites with high 
binding affinity and, the smaller the 1/n, the more the binding sites of higher 
binding affinity on MIP. In addition, it is also a heterogeneity index. The index 
ranges from 1 to 0 with 1 being the homogeneous and, the lower the index, the 
more heterogeneous in terms of the binding affinity. The 1/n values in this 
study ranged from 0.42 to 0.61. This was comparable to Umpleby et al.’s 
(2001a and 2001b) simulations of 6 non-covalent MIPs, ranging from 0.320 to 
0.855. Similarly, Wei et al. (2007) studied the E2 imprinted sub-microsphere 
and microsphere MIP and obtained 1/n values of 0.492 and 0.673, 
respectively, which is quite consistent with our study. 
 
The range above indicates that the MIP in this study has a heterogeneous 
surface. But what should be mentioned was that the corresponding A value in 
this study had a range of 33.4 to 60.5 µmole/g/µM while two of the MIPs 
studied by Umpleby et al. (2006) had corresponding A values of 21 
µmole/g/M and 89 µmole/g/mM. This is partly due to the different 
concentrations tested besides the intrinsic adsorption properties of adsorbent 
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for target adsorbate. The equilibrium concentrations tested above were less 
than 3.0 M and 2.0 mM, respectively, while in this study, the concentration 
was less than 4 µM. This suggested that a wide concentration range should be 
tested for a complete understanding of adsorption performance of MIP.  
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Fig. 4-13 Simulation of E2 adsorption isotherm. 
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(B) Freundlich isotherm 
 
Fig. 4-14 Simulation of EE2 adsorption isotherm. 
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Table 4-7 Adsorption coefficients of Freundlich adsorption isotherms. 
 
 
A  (µmole/g/µM) 1/n n R
2 
MIP-E1 60.5 0.51 1.95 0.990 
NIP-E1 56.9 0.51 1.97 0.994 
MIP-E2 53.9 0.61 1.65 0.993 
NIP-E2 49.8 0.53 1.90 0.968 
MIP-EE2 72.4 0.52 1.94 0.967 
NIP-EE2 68.2 0.49 2.05 0.958 
MIP-BPA 34.2 0.46 2.19 0.994 
NIP-BPA 33.4 0.42 2.39 0.980 
 
Table 4-8 Adsorption coefficients of Langmuir adsorption isotherms. 
 




MIP-E1 146.4 0.79 0.972 
NIP-E1 135.6 0.82 0.977 
MIP-E2 170.45 0.51 0.999 
NIP-E2 123.07 0.79 0.998 
MIP-EE2 160.79 1.04 0.998 
NIP-EE2 143.70 1.16 0.996 
MIP-BPA 80.27 0.78 0.979 
NIP-BPA 71.23 0.95 0.971 
 
4.6 Adsorption mechanisms of MIP 
Selective removal of estrogenic compounds using MIP relies on two 
principles: (1) typical estrogenic compound has a phenolic benzene ring, 
which is essential for the binding with ER, and (2) MIP has artificial binding 
sites that are similar to those in ER, which can bind target estrogenic 
 119 
compounds though the phenolic benzene ring. So far, some studies have been 
conducted to investigate the selective removal of some typical estrogenic 
compounds by MIP synthesized from bulk and precipitation polymerization. 
Meng et al. (2005) synthesized MIP with α-estradiol as the template and 
demonstrated the significant binding affinity for estrogenic compounds such 
as estriol, estrone (E1) and diethylstilbestrol. MIP, synthesized with 17β-
oestradiol as template, exhibited the potential in removing trace estrogenic 
compounds (Noir et al., 2006 and Noir et al., 2007). Lin et al. (2008) used 
MIP to remove phenolic estrogen pollutants and the MIP showed higher 
selectivity than activated carbon for the target compounds. The MIP can even 
be used at least 30 times without losing removal efficiency after methanol 
regeneration (Lin et al., 2008). However, the adsorption mechanisms of 
estrogenic compounds by MIP have not been studied thoroughly, especially in 
terms of the binding affinity between MIP and the target compounds.  
4.6.1 Physical adsorption model  
According to the adsorption isotherms (Fig. 4-7, 4-8, 4-9 and 4-10), a physical 
adsorption model was proposed (Fig. 4-16). According to this model, the 
binding sites of MIP could be classified into thee types: specific adsorption, 






















Fig. 4-16 Physical adsorption model for MIP synthesized based on non-
covalent approach. 
For the binding site of type 1, only template molecules could be bound 
theoretically while type 3 could unselectively bind molecules which could 
form hydrogen bonds with the carboxyl and carbonyl groups on the binding 
sites. These two types of binding sites contributed to the specific adsorption 
and non-specific adsorption. The binding site of type 2 could result in both 
specific adsorption and non-specific adsorption. Due to the specific shape of 
the binding cavity, both estrogenic compounds and some other molecules 
could occupy the binding sites of types 1 and 2. However, compounds with 
phenolic benzene-ring had the priority to be bound. This stems from the basis 
of estrogenic compounds removal using MIP’s recognition of the phenolic 
benzene-ring, a particular part in the molecular structure of a group of 
estrogenic compounds.  
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With this model, the adsorption isotherms in aqueous solution for E1, E2, EE2 
and BPA could be interpreted: (1) the presence of binding sites types 1 and 2 
supported the fact that MIP adsorbed more E2 than NIP; (2) the result that the 
difference in adsorption capacity of MIP and NIP for E2 was larger than that 
for E1, EE2 and BPA was due to the binding site type 1; (3) binding site type 
2 had different binding affinities for E1, EE2 and BPA, contributing to the 
differences in adsorption capacities of MIP and NIP for E1, EE2 and BPA; 
and (4) non-specific adsorption resulting from the hydrogen bonding, 
hydrophobic interaction and van der Waals force could occur in aqueous 
solution. The heterogeneity of MIP adsorption, a known property of MIP, was 
confirmed in this study by the adsorption isotherms of MIP and NIP as well as 
the differences between them towards a group of estrogenic compounds. This 
implicated that the non-specific adsorption would occur in a wide 
environment. 
4.6.2 Selective adsorption ratio (SAR) 
One of the key aspects of MIP adsorption mechanism is the non-specific 
adsorption. Non-specific adsorption can originate from stochastic interactions 
and bindings with non-template imprinted surface of MIP in aqueous solution 
due to hydrogen bonding, hydrophobic interaction and van der Waals forces. 
Furthermore, non-specific adsorption can also result from the heterogeneity of 
binding sites on MIP, especially for MIP synthesized from the non-covalent 
approach. Heterogeneity means that the binding sites may vary widely in size, 
shape and binding affinity, which suggests that not all the templates 
incorporated into MIP could create perfect selective binding sites. Some of the 
template molecules may only generate poor selective binding sites, among 
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which a portion of them can even be considered as nonselective binding sites. 
This also leads to the phenomenon of non-specific adsorption. Therefore, a 
basic concern in MIP synthesis is how many template molecules which can be 
extracted out of polymer generate selective binding sites. In addition, it should 
be mentioned that during the polymerization, the solvating properties of the 
medium will change and consequently, some templates may form clusters 
which would then be imprinted as actual species. This may also contribute to 
the occurrence of nonspecific adsorption due to the cavities created by these 
species (Sellergren et al. 1995). 
 
An existing challenge, however, is the quantitative evaluation of the amount of 
selective binding sites in MIP. At present, there are no available experimental 
approaches to determine quantitatively the selective binding sites in MIP. 
Theoretical affinity binding functions, which established a relationship 
between amount of the binding sites and its binding affinity, have been used to 
analyze the MIP adsorption (Yan et al., 2005, Umpleby et al., 2001a and 
2001b). However, these models are not able to quantify binding sites with 
selective function due to the difficulty in determining the real binding 
affinities of the selective binding sites. Sellergren (2001) studied the rebinding 
of 9-ethyladenine with Scatchard plot of isotherm data. Based on the binding 
constants, a ratio of saturation capacity of high energy sites in MIP to the 
amount of template molecules added was obtained. The ratio was 35% 
corresponding to a selective adsorption of 20 µmole/g for 9-ethyladenine 
(Sellergren, 2001). However, this ratio was based on the amount of template 
molecules added, instead of the amount of templates molecules extracted out 
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of MIP. Conceptually, the template molecules extracted would be a more 
reasonable parameter for the calculation of selective binding sites.  
 
In this study, selective adsorption ratio (SAR), an experimental concept, was 
proposed to evaluate quantitatively the amount of templates extracted out of 
MIP that may generate selective binding sites. The SAR is expressed as a ratio 
of the amount of the template molecules which could create selective binding 
sites in MIP to all the template molecules extracted out of MIP. The difference 
in theoretical adsorption capacities between MIP and NIP under saturated 
adsorption was used to indicate the amount of the template molecules creating 
selective binding sites in MIP. This concept links the selective adsorption 
capacity of MIP with the total amount of template molecules extracted. SARs 
of different MIPs may also be compared to further improve the synthesis of 
MIP.  
SAR is based on the difference between theoretical maximum adsorption 
capacities of MIP and NIP. It is defined as below: 
SAR= (MAC-NAC)/TC                                                           (Eq.4.1) 
Where, MAC: theoretical maximum adsorption capacity of MIP in adsorption 
isotherm (µmole/g); NAC: theoretical maximum adsorption capacity of NIP in 
adsorption isotherm (µmole/g); TC: theoretical selective adsorption capacity, 
or the amount of template molecules extracted out of per unit mass of MIP 
(µmole/g).  
 
This concept establishes a quantitative reference for the number of template 
molecules extracted out of polymer that can create selective binding sites in 
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MIP. Strictly speaking, the difference in adsorption capacities between MIP 
and NIP may not be an accurate evaluation of selective binding sites in MIP. 
This is because the morphologies and physical properties of MIP and NIP may 
be different and these would result in differences in non-specific binding. 
After all, the conditions for MIP and NIP synthesis are not the same due to the 
addition of template molecules for MIP synthesis (Yan et al., 2005). However, 
for practical applications, the difference could still serve as an indicator of the 
selective binding sites in MIP.  
 
According to the adsorption parameters in Langmuir adsorption model (Table 
4-7) and the theoretical selective adsorption capacity (Table 4-8), SAR of the 
MIP was (170.45-123.07)/63.8, or 74.3%. This suggested that about one fourth 
of template molecules extracted out cannot create selective binding sites. 
Furthermore, it should be emphasized that this efficiency was based on the 
selective binding sites for phenolic benzene ring itself, or the template 
molecules, E2. For all the other estrogenic compounds, the values were lower 
than that of E2 (Table 4-9) and MIP had the lowest SAR (14.2%) for BPA. 
This was due to the fact that the molecular structure of BPA was different 
from that of E2 although both have the phenolic benzene-ring. Nevertheless, 
MIP could absorb a group of compounds containing similar molecular 
structure, but with different adsorption capacity, or binding affinity. This is the 
intrinsic adsorption property of MIP. 
 
Compared with the performance of MIP based on bulk polymerization, the 
difference in adsorption capacity between MIP and NIP in this study was 
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relatively small if considering the total adsorption capacity (Yan et al., 2005 
and Yu et al., 2008). However, if considering the SAR, the MIP synthesized in 
this study had a significant imprinting effect because 74.3% of E2 extracted 
out may generate selective binding sites. This concept is based on the 
difference between adsorption capacities of MIP and NIP. It could indicate 
how many template molecules incorporated into polymer could create 
selective binding sites in MIP. Therefore, it could establish a criterion of 
evaluating quantitatively the selective adsorption capacity of MIP.  
 
The concept of SAR has no direct relationship with whether the difference 
between MIP and NIP is large or not. This is because although some published 
difference between MIP and NIP are very satisfactory according the 
adsorption capacities of MIP and NIP, not all the difference between MIP and 
NIP is of selective adsorption. On the one hand, the difference may be larger 
than the total amount of template extracted out, suggesting it is not an 
objective reflection of selective adsorption because it is impossible. On the 
other hand, if the difference is lower than the amount of extracted template, 
which is logical, the SAR can be used to compare the different MIP, even the 
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The maximum selective adsorption capacity is 
(2.172÷272.4)÷125=63.8 µmole E2/g MIP 
 
4.6.3 Study of desorption  
Chomatography is an effective tool employed in the study of adsorption 
mechanisms of MIP. MIP can be prepared and loaded onto liquid 
chomatographic column as stationary phase, though which the template 
molecules and competing molecules pass though (Sellergren, et al., 1995). 
Due to the relatively high binding affinity of MIP to template molecules, the 
retention time for template molecule is usually longer as compared to that of 
competing molecules. Therefore, chomatographic technology can be used to 
reflect qualitatively the binding affinities between template molecules and 
MIP. However, the peaks separated by liquid chomatography are combined 
results of different binding affinities of binding sites in MIP. The difference of 
binding affinities of the different binding sites can not be revealed clearly. 
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Besides, chomatographic technology is relatively difficult to be carried out 
due to the preparation of the chomatographic column. 
 
 In this study, adsorption mechanisms of MIP were studied though static 
gradient desorption. The static gradient desorption was performed though 
batch gradient elution of target estrogenic compounds absorbed by MIP and 
NIP. This is similar to, but more straightforward than dynamic gradient elution 
used in reverse-phase chomatographic technology whereby less polar solvent 
has higher eluting power. The eluents were prepared with acetonitrile and 
ultrapure water with different volume ratios. Higher volume ratio of 
acetonitrile to ultrapure water represents a higher eluting power for target 
compounds. Because eluents have different eluting powers and the higher the 
eluting power, the more target compounds can be desorbed. Therefore, the 
binding affinities between MIP or NIP and target compounds bound can be 
differentiated with different eluting powers and consequently, the selective 
adsorption mechanisms of MIP can be found. In brief, static gradient 
desorption is similar to chomatographic technique which can be used to study 
the interactions between the adsorbent and target compounds at molecular 
level though monitoring concentrations of target compounds desorbed. 
 
 
The aim of static desorption was to interpret the adsorption model containing 
the thee types of binding sites, and to further understand the adsorption 
mechanisms of MIP. A precondition of desorption is the adsorption of target 
compounds by MIP/NIP. The residual concentrations of target compounds 
after adsorption are present in Table 4-10. According to the adsorption results, 
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it was concluded that the residual concentrations for target compounds were 
quite low, meaning that most majority of target compounds were adsorbed. 
This was because the adsorption in this study was unsaturated adsorption. Due 
to the unsaturated adsorption, the differences between residual concentrations 
for MIP and NIP can be ignored. This meant that MIP and NIP absorbed 
almost the same amount of target compounds. Thus, static gradient desorption 
can be used to desorb target compounds and their different binding affinities 
might be differentiated by eluents with different eluting power in desorption. 
As expected, the higher the binding affinity, the more difficult it was for the 
target compounds to be desorbed. At the end of the static desorption, it should 
be emphasized that not all the target estrogenic compounds can be desorbed 
due to the equilibrium of these compounds between the eluents and MIP or 
NIP. However, the differences between MIP and NIP desorption curves would 
reflect the differences of binding affinities of binding sites.  
Table 4-10 Residual concentrations of target compounds after adsorption. 
 
Estrogenic compounds E1  E2 EE2 BPA 















18.05  7.49 15.15  14.10  
NIP  
18.86  10.04 16.09  15.76  
 
The desorption experiment was carried out though static gradient elution. 
Desorption isotherms are illustrated in Fig. 4-17,  Fig. 4-18, Fig. 4-19 and 
Fig. 4-20. Different volume percentages of acetonitrile in water have different 
eluting powers for hydrophobic compounds, E1, E2, EE2 and BPA. With the 
increasing eluting power of eluents, more absorbed compounds can be 
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desorbed. This is because the target compounds have much higher solubility in 
acetonitrile than in water.  
 
 
Fig. 4-17 E1 desorption curves of MIP and NIP. 
 
    















































Fig. 4-19 EE2 desorption curves of MIP and NIP. 
 
    
 
Fig. 4-20 BPA desorption curves of MIP and NIP. 
 
It was observed that MIP and NIP desorption curves had similar trends. With 
the increase of volume percentage of acetonitrile in water, more target 
compounds can be desorbed from both MIP and NIP. It was also noted that 
majority of the target compounds could be desorbed at the end of the 
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concentrations of target compounds desorbed were quite low. This was due to 
very low eluting power of the eluents. However, when the volume percentage 
of acetonitrile in water increased from 10 to 40%, all the desorption curves of 
MIP and NIP showed an obvious jump and most of the estrogenic compounds 
could be desorbed. This meant that the binding affinity of most binding sites in 
MIP and NIP were weak and that the eluting power could easily overcome the 
binding affinities between MIP or NIP and their target compounds. This could 
be attributed to the relatively weak binding affinities resulting from the non-
specific adsorption. In other words, most of adsorption capacity of MIP/NIP 
might be due to non-specific adsorption. This was consistent with the 
performance of adsorption isotherms of the four target compounds.  
 
In contrast, the concentrations of desorbed compounds increased slightly 
beyond the acetonitrile volume percentage of 40% and all desorption curves of 
MIP and NIP leveled off gradually. This suggested that the eluting power 
beyond the acetonitrile volume percentage of 40% still can desorb part of 
compounds from binding sites which have relatively high binding affinities to 
those estrogenic compounds. In short, the desorption curves of MIP and NIP 
confirmed that both MIP and NIP have heterogeneous surface properties with 
different binding affinities.  
 
It is more worthy to pay attention to the differences between MIP and NIP 
desorption curves for each target compound. At the beginning of desorption 
processes, the concentrations of E1, E2, EE2 and BPA were almost the same 
for MIP and NIP. This suggested that the target compounds desorbed were 
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almost the same under very low eluting power. However, from the acetonitrile 
volume percentage of 20 to 40%, desorption curves of E1, E2, EE2 and BPA 
for MIP were always lower than those for NIP. This meant that with the same 
eluting power, some of those compounds absorbed by MIP cannot be desorbed 
as compared with those of NIP. For example, the concentrations of E1, E2, 
EE2 and BPA for NIP at the acetonitrile volume percentage of 20% were 0.70, 
0.98, 0.67 and 1.09 μM, respectively. Correspondingly, concentrations of the 
four compounds for MIP were 0.10, 0.15, 0.17 and 0.07 µM lower than those 
for NIP, respectively. This suggested that MIP possessed more binding sites 
with high binding affinity than NIP. The binding sites with high binding 
affinity to target compounds were attributed to those selective binding sites, 
types 1 and 2 binding sites in MIP, whose microenvironment are 
complementary to that of estrogenic compounds containing phenolic benzene 
ring. Due to the higher binding affinity in MIP, the compounds desorbed from 
MIP were less than those from NIP.  
 
However, as the volume percentage of acetonitrile in water was increased 
from 40 to 70%, differences between the amounts of the target compounds 
desorbed from MIP and NIP for E1, E2 and BPA decreased gradually. This 
means that more target compounds bound with high binding affinities sites in 
MIP can be desorbed after desorption with high eluting power eluent. In 
addition, beyond the acetonitrile volume percentage of 70% until the end of 
the desorption processes, the MIP and NIP desorption curves almost 
overlapped and the desorbed amount of E1, E2 and BPA were almost the 
same. This indicated that with the high eluting power, the compounds 
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absorbed in both MIP and NIP can all be desorbed. This is because the eluting 
power at the end of desorption processes can overcome the binding affinities 
between the target compounds and binding sites types 1 and 2. Specifically, 
with relatively high eluting power at the acetonitrile volume percentage of 
90%, the concentrations of E1, E2 and BPA for NIP were 1.56, 1.58 and 1.57 
μM, respectively. Correspondingly, the differences in concentrations between 
MIP and NIP desorption processes for the thee compounds were only 0.01, 
0.01 and 0.00 μM, respectively.  
 
However, it should be emphasized that desorption processes for EE2 were 
different from those for E1, E2 and BPA. As shown in Fig. 4-19, there was an 
obvious difference, ranging from 0.05 to 0.12 μM, between MIP and NIP 
desorption curves for EE2 from the acetonitrile volume percentage of 40 to 
90%. This result demonstrated that the eluting power beyond the acetonitrile 
volume percentage of 40% until the end of the desorption processes may not 
be high enough to desorb EE2 fully from MIP due to the highly hydrophobic 
property of EE2. The log Kow values for E1, E2, EE2 and BPA were 3.43, 
3.94, 4.15 and 3.40, respectively. Log Kow value greater than 4.0 shows a 
high sorption capacity and consequently, EE2 has a strong hydrophobic 
property. The result of desorption was consistent with the study by Bravo et 
al. (2005) that high adsorption capacity occurred in aqueous solution due to 
the hydrophobic interaction while the adsorption capacity of MIP was low 
with high volume percentage of acetonitrile in water. 
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Desorption study by static gradient elution confirmed that binding sites of MIP 
had different binding affinities for target estrogenic compounds and MIP 
contained selective binding sites of high binding affinity. Furthermore, the 
static gradient desorption demonstrated that most of the adsorption capacity of 
MIP for target estrogenic compounds was non-specific adsorption. This 
provided an evidence for the physical adsorption model proposed previously. 
As mentioned above, each type of binding sites might comprise different 
binding sites with different binding affinities. The desorption method used in 
this study could differentiate the binding sites type 3 from the other two types 
binding sites, type 1 and type 2. However, this method cannot differentiate 
clearly the binding affinities between types 1 and 2 binding sites, as only a 
small gradual increase of E2 concentration  was observed beyond the 
acetonitrile volume percentage of 40% until the end of the desorption process. 
For instance, the concentration of E2 was 1.50 μM at the acetonitrile volume 
percentage of 40% while at the acetonitrile volume percentage of 90%, it was 
increased by only 0.07 μM. Therefore, more in-depth study should be 
conducted in order to differentiate the binding sites with different binding 
affinities, especially the difference between the binding sites type 1 and type 2. 
 
The eluting power of a certain solvent can be measured in terms of the polarity 
of the eluents. The polarity can generally be quantified by static dielectric 
constant. In normal-phase chomatography, a higher dielectric constant 
represents a polar solvent with a higher eluting power, while a lower dielectric 
constant indicates a nonpolar solvent with lower ability to desorb a target 
compounds from an adsorbent. However, for reverse-phase chomatography, 
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the eluting power is in a reversed order. Because the static gradient desorption 
used in this study is similar to reverse-phase chomatography, the lower 
dielectric constant represent a higher eluting power. Gagliardi et al. (2007) 
studied systematically the dielectric constants of a series of mixtures 
composed of ultrapure water and acetonitrile in different ratio of w/w at 
different temperature. In this study, after the conversion of w/w ratio to v/v 
ratio, the static dielectric constants of mixtures of ultrapure water and 
acetonitrle used in this study can be calculated. As shown in Fig. 4-21, lower 
dielectric constant indicated a higher eluting power and the highest eluting 
power occurred at the volume ratio 90% of acetonitrile to 10% of water in this 
study, corresponding to a dielectric constant of 39.5. 
 
Fig. 4-21 Static dielectric constants of mixtures of water and acetonitrile in 
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4.7 Effect of environmental factors on MIP adsorption 
In this study, the effect of environmental factors on the selective adsorption of 
MIP was studied. The selective adsorption capacity of MIP was represented by 
the difference of adsorption capacity between MIP and NIP, which could be a 
useful indicator of selective adsorption.  
4.7.1 Effect of HA on adsorption by MIP and NIP 
HA is a kind of organic substances present in natural water streams and 
usually represents the 40 to 60% of total dissolved organic matters.  It may 
influence the selective adsorption of target compounds by MIP. Therefore, it is 
necessary to study the effect of HA. HA may influence both the total 
adsorption capacity and the selective adsorption capacity of MIP. Before the 
study on effect of HA, HA was characterized with molecular weight analysis 
and functional group analysis. The characterization regarding the molecular 
weight of HA is shown in Table 4-11. The characterization of HA molecular 
weight revealed that HA has a molecular weight ranging from 1,358 to 26,842 
daltons with a weight-average molecular weight of 4,229 daltons. The ratio of 
weight-average molecular weight to number-average molecular weight was 
1.37. Fig. 4-22 shows the FTIR spectrum of the functional groups of HA. 
According to the FTIR of HA, the typical functional group, carboxyl group at 





Table 4-11 Characterization of HA molecular weight. 
 





4229 1358 26842 1.37 




Fig. 4-22 FTIR spectrum of HA. 
 
Fig. 4-23, Fig. 4-24, Fig. 4-25 and Fig. 4-26 show the effect of HA on the 
adsorption of target compounds by MIP. It was noted that there was 
insignificance influence of HA on the total adsorption capacity of MIP and 
NIP. For example, the adsorption capacities of MIP for E2 were 116.3, 118.5, 
127.0 and 109.0 µmole/g at HA concentration of 0, 5, 15 and 20 ppm in TOC, 
respectively, while the adsorption capacity of NIP for E2 were 98.1, 109.4, 
113.8 and 98.0μmole/g, respectively. There was almost no HA absorbed 
according to its removal efficiency (Fig. 4-23, Fig. 4-24, Fig. 4-25 and Fig. 4-
26).  
 
Furthermore, the selective adsorptions were not affected by HA since 
differences in adsorption capacities between MIP and NIP did not change 
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significantly under different HA concentrations.  This can be interpreted by 
the interactions between HA, target compounds and MIP. HA may influence 
the selective adsorption of MIP in various ways. Firstly, small HA molecule 
may enter and occupy the selective binding cavities in MIP and subsequently 
prevent target compounds from being adsorbed. However, the minimum HA 
molecular weight of 1,358 Daltons was much larger than that of target 
compounds (Table 2-1). HA molecules, therefore, may not be able to enter 
into the selective binding cavities, which were created by the extraction of 
template molecules. Secondly, HA may enter into the larger pores inside the 
MIP, blocking the pathway of target compounds to the selective binding sites. 
However, according to the removal efficiencies of HA, the phenomenon did 
not occur significantly. In other words, MIP could not absorb much of HA and 
consequently, the HA molecules could not block the pathway of target 
compounds significantly. Thirdly, HA contains some typical functional 
groups, carboxyl groups for example. They may interact with target 
compounds though hydrogen bonding. Thus, target compounds may be bound 
with HA and are not absorbed by selective binding sites in MIP. However, 
according to the results, target compounds can still be absorbed in the 
presence of HA. This implies that the binding affinities between HA and target 
compounds were lower than that between selective binding sites and target 
compounds. This may be due to the micro-environment inside the selective 
binding cavity which is complementary to the target compounds, thus 
resulting in the higher binding affinities. This suggests that target compound 
adsorption will be favored by the selective binding sites in MIP.  
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The effect of HA in this study are consistent with results obtained by Le Noir 
et al. (2007). It was found that the selectivity of the immobilized MIP with 
polyvinyl alcohol (PVA) was maintained and not influenced by the presence 
of HA and acenaphthene at a concentration of 2 μg/L as interfering dissolved 
organic matters, although the recoveries for both immobilized MIP and NIP 
dropped compared with the results in the absence of HA and acenaphthene. 
 
However, it should be emphasized that the presence of HA would establish 
new chemical equilibriums in solution containing MIP/NIP and the 
interactions between HA molecules, estrogenic compounds, and MIP/NIP 
would occur. If considering the Zeta potentials of MIP/NIP in the presence of 
HA, it was found that the Zeta potentials of MIP/NIP became more negatively 
charged than in the absence of it. As a result, the HA absorbed by MIP/NIP, 
especially those HA with relatively large molecular weight and many 
functional groups, may interact with some estrogenic compounds and adsorb 
them. This phenomenon might contribute to the adsorption capacities of 
MIP/NIP for target compounds, which should be studied further.  
 
The effect of addition of HA also reduced the pH of the solution as no pH 
control was carried out in this study in order to obtain an objective effect of 
HA.  However, with the presence of HA used in this study, the pH were all no 
less than 5.0. It was found there was no significant effect of pH on the 
adsorption capacities of MIP and NIP (See 4.7.2). Therefore, the results can 
objectively reflect the effect of HA on the target estrogenic compounds 
adsorption by MIP/NIP. 
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Fig. 4-24 Effect of HA on the adsorption of E2. 
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Fig. 4-26 Effect of HA on the adsorption of BPA. 
 
4.7.2 Effect of pH on adsorption by MIP and NIP 
pH can influence the dissociation status of target compounds as well as 
functional groups on MIP and NIP, such as carboxyl groups and carbonyl 
groups. It was therefore necessary to study the effect of pH on adsorption. Fig. 
4-27, Fig. 4-28, Fig. 4-29 and Fig. 4-30 show the effect of pH on MIP/NIP 
adsorption. Below pH 9, the total adsorption capacity of MIP and NIP was not 
influenced significantly and there was no conclusive trend established. In 
addition, the difference in adsorption capacities for target compounds was not 
influenced significantly. This suggested that hydrophobic interaction and 
binding affinity between target compounds and selective binding sites were 
the main driving force for adsorption.  
 
However, at pH 11, the adsorption capacity of MIP and NIP decreased 
significantly. For example, the adsorption capacities of MIP and NIP for E2 at 
pH 9 were 95.1 and 82.9μmole/g, respectively, while those at the pH 11 were 
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of target compounds and the change of surface chemistry of MIP/NIP. 
According to Table 2-1, the pKa values of the four compounds were less than 
11 and ionization would occur for these compounds at pH 11. Consequently, 
target compounds were positively charged. On the other hand, the carboxyl 
group on the functional monomer of MAA used in the synthesis of MIP and 
NIP could also be positively charged at pH 11 (Bartsch et al., 1998). The pKa 
of MAA is about 4.66.  It is known that the carboxyl groups inside the 
selective binding cavity in MIP play a key role in the rebinding of target 
compounds. With the positively charged functional monomer, the electrostatic 
repulsive interactions between target compounds and MIP overcome the 
binding affinity and hydrophobic interactions and play a more predominant 
role during the adsorption. In another word, electrostatic interactions between 
MIP/NIP and target compounds dominated the driving force of adsorption. 
Hence, the adsorption capacities for all the four compounds were reduced. 
This was consistent with the study by Yu et al. (2008). According to Yu et al., 
the difference in the adsorption capacities of MIP and NIP for PFOS decreased 
gradually from pH 5 to 10 and almost disappeared at pH 10. It was attributed 
to the ionization of both PFOS and amino groups in the chitosan resulting in 
the electrostatic repulsive interactions. Due to the same reason, the selective 
adsorption capacity of MIP decreased considerably for all the four target 
compounds.  
 
Researchers studied the effect of pH on the pKa of MIP with L-phenylalanine 
anilide, MAA and ethylene glycol dimethacrylate as template molecule, 
functional monomer and crosslinker, respectively. With potentiometric pH 
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titration, pKa of the MIP, as a function of ionization of carboxyl group in 
aqueous solution, was 8.9 while the corresponding pKa of NIP was 9.3 
(Sellergren et al. 1995). The difference in pKa between the MIP and NIP 
could result from the different accessibility of functional polymer in MIP and 
NIP matrix. After all, the carboxyl group in selective binding sites would 
expose to surface of MIP while NIP has no selective cavity for target 
compounds. Compared to the pKa of MAA, the pKa of MIP was increased 
strikingly. This is mainly due to the highly cross-linked polymer structure and 
the conformational changes of the functional monomer after polymerization. 
What should be noted is that, there was no obvious influence at pH 9 in this 
study. It suggests the pKa of MIP/NIP used be lower than 9.  
 
An interesting phenomenon was the cluster formation of MIP particles if 
considering the mean size of MIP in the pH range of 3.1 to 11. The mean size 
of MIP particle increased suddenly from pH 9 to 11 and reached above 500 
nm (Table 4-2). This may result in the loss of some selective binding sites on 
the surface of MIP. This phenomenon appeared also in the study of 
immobilized MIP (See 4.9.2). In contrast, no obvious change of mean size of 
NIP particles was found and the mean size of NIP particles was always lower 
than that of MIP particles. This might be interpreted according to the 
properties of MIP/NIP surface. With the same amount of functional monomer 
MAA during polymerization, more carboxyl groups may be present on the 
surface of NIP than MIP as some of the MAA forming the complex with 
temple molecule may exist inside of the MIP matrix. Consequently, MIP 
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surface could be more hydrophobic than that of NIP, leading to bigger MIP 
particle clusters in aqueous solution (Table 4-1). 
 
As shown in Fig. 4-27, Fig. 4-28, Fig. 4-29 and Fig. 4-30, the differences of 
the adsorption capacity between MIP and NIP for all four target compounds 
decreased at pH 11, compared with that in the range of pH 3.1 to 9. This result 
implies that selective adsorption depended on the molecular conformation of 
target compounds. Once the molecular conformation was changed due to 
environmental factors, pH in this case, the selective adsorption would be 
influenced. In other words, the pKa value of target compounds as well as the 
ionization effect should be considered in the selective adsorption of target 
compounds under a specific environment. For estrogenic compounds with pKa 
values less than a certain pH, the selective adsorption by MIP could be 
affected beyond that pH value.  
 









































    
         Fig. 4-28 Effect of pH on the adsorption of E2. 
 
     
 
          Fig. 4-29 Effect of pH on the adsorption of EE2. 
 
 























































































































4.7.3 Effect of ionic strength on adsorptions by MIP and NIP 
Fig. 4-31, Fig. 4-32, Fig. 4-33 and Fig. 4-34 show the effect of ionic strength 
on the selective adsorption of MIP. It was demonstrated that there was no 
significant influence on the adsorption and selective adsorption capacities of 
MIP for E1, E2 and BPA within the range tested and there was no conclusive 
trend established. This was consistent with the research carried out by Lin. et 
al. (2008) and Yu et al. (2008). They found that below 10 mM of NaCl, there 
is no influence on the adsorption capacity of MIP. However, the EE2 
adsorption capacities of MIP and NIP increased from 124.7 to 144.7 µmole/g 
and 111.7 to 138.2 µmole/g, respectively, when NaCl concentration was 
changed from 0 to 10 mM.  This could be attributed to the enhanced 
hydrophobic interactions. It is known that hydrophobic interactions could be 
increased by the addition of salt due to the salting out effect, which is 
especially significant for hydrophobic molecules. EE2 has a log Kow value of 
4.15. Generally, compounds with log Kow value larger than 4 are considered 
as hydrophobic molecules which have strong potential to be absorbed (Birkett 
et al., 2003). However, it should be emphasized that the selective adsorption 
capacity of MIP was not influenced significantly as the difference of 
adsorption capacities between MIP and NIP was roughly kept the same within 
the range of NaCl concentrations tested.  
 
In this study, the highest concentration of NaCl was only 10 mM, similar to 
the concentration in secondary effluent of WWTP. If the NaCl concentration 
increased further, correspondingly increased ionic strength and salting out 
effect, the case would be different. For example, the removal efficiencies of 
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bisphenol C and diethylstilbestrol increased from about 85 to 100% and 90 to 
100%, respectively, when NaCl concentration was changed from 1 to 50 mM. 
(Lin et al., 2008). Yu et al. (2008) even studied the effect of ionic strength 
with NaCl up to 500 mM on the MIP/NIP adsorption for PFOS. Below 10 
mM, the adsorption capacity of MIP/NIP was kept almost constantly. In 
contrast, when the NaCl concentration was increased from 50 to 500 mM, the 
adsorption capacity of both MIP and NIP increased significantly. It was 
attributed to the strong salting out effect. However, it should be pointed out 
that with the NaCl concentration of 500 mM, the adsorption capacities of MIP 
and NIP were almost the same. This was due to the low PFOS solubility under 
such a high NaCl concentration and insoluble PFOS may be physically 
absorbed. This study demonstrated ionic strength may also influence the 
solubility of target compounds, resulting from the same salting out 
mechanism, and consequently,  the MIP adsorption performance.  
 
The ionic strength would also influence the conformational structure of 
carboxyl group because high concentration of electrolytes, Na
+
 in this study, 
could shield the COO
-
 group and consequently influence the selective 
adsorption of MIP (Kozlovskaya et al., 2006). However, in this study, the 
NaCl concentration was not high enough to affect the adsorption capacity of 




Fig. 4-31 Effect of ionic strength on the adsorption of E1. 
 
 
Fig. 4-32 Effect of ionic strength on the adsorption of E2. 
 
 























































































































Fig. 4-34 Effect of ionic strength on the adsorption of BPA. 
 
4.7.4 Effect of competing estrogens on adsorptions of MIP and 
NIP 
Fig. 4-35 shows the effect of competing estrogenic compounds on the 
adsorption capacity of MIP and NIP. Compared with the adsorption capacities 
of MIP and NIP for individual estrogenic compound, the adsorption capacities 
of MIP for E1, E2, EE2 and BPA in the presence of competing substances 
decreased significantly. The adsorption capacities of MIP for E1, E2, EE2 and 
BPA in the absence of competing estrogenic compounds were 95.2, 116, 124.7 
and 64.7μmole/g, respectively. In contrast, the adsorption capacities for the 
four compounds under competing conditions were 71.7, 76.0, 97.8, and 41.2μ
mole/g, respectively.  
 
Furthermore, the selective adsorption capacity was also influenced. When 
separately adsorbed, the differences of adsorption capacities between MIP and 
NIP for E1, E2, EE2 and BPA were 12.6, 18.2, 13.0, and 9.8μmole/g, 
respectively. In contrast, the differences for E1, E2, EE2 and BPA under 
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suggests that the selective adsorption sites would be shared and occupied by 
all the estrogenic compounds with similar molecular structure, which is the 
intrinsic property of selective adsorption. In contrast, Le Nior et al. (2007) 
studied the E2 recovery with MIP in the presence of floxetine hydrochloride 
and acenaphthene, both of which were not considered as estrogenic 
compounds, and found that E2 recovery was not decreased. This suggests that 
the selective binding sites of MIP favor the adsorption of target estrogenic 
compounds. Similarly, Yu et al. (2008) studied the effects of five competing 
substances, perfluorooctanoic acid, 2, 4-dichlorophenoxyacetic, sodium 
dodecyl benzene sulfonate, sodium pentachlorophenate and phenol, on the 
adsorption of perfluorooctane sulfonate by MIP. It was found that the 
selectivity of MIP based on chitosan was not decreased (Yu et al., 2008). 
These studies showed that molecules, which are not similar to that of template 
molecules, cannot be selectively adsorbed by selective binding sites. 
 
In this study, the adsorption capacity difference between MIP and NIP for E2 
was the largest, at 18.2μmole/g when separately adsorbed.  However, under 
competing conditions, the difference for EE2, 10.2 µmole/g, was the largest 
among the four compounds. This could be due to the strong hydrophobic 
property of EE2 because the driving force of EE2 adsorption was relatively 
larger as compared to the other thee estrogenic compounds. This result 
suggested that when MIP was used to remove a group of compounds whose 
molecular structures are similar to that of the template used in the synthesis of 
MIP, it might not be necessary for template molecules to be adsorbed most 
when competing substances existed. Therefore, this study illustrated the 
 151 
competitive adsorption performance of MIP when competing substances with 
similar molecular structure coexisted.  
 
As a kind of artificial ER, MIP imprinted with E2, could remove a group of 
estrogens when they are present together. Generally, the higher the binding 
affinity between ER and a certain estrogen, the higher potential of adverse 
effect the estrogen can induce in environment. In this sense, MIP can remove 
the adverse effect of estrogenic compounds with the highest possibility 
because the most potent estrogens usually were selectively absorbed first. In 
the field of MIP study, selectivity of MIP would be a fundamental concern. 
However, for the removal of estrogenic effect, how MIP can remove a group 
of estrogenic compounds would also be an important objective. 
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4.8 Study of adsorption kinetics in aqueous solution 
The adsorption kinetics study is one of the basic studies for adsorption, which 
is related to the equilibrium of adsorption. The kinetics study on MIP 
adsorption has been extensively carried out. It is generally accepted that the 
adsorption of target compounds involve a few steps: (1) the target compounds 
transfer to the boundary film outside of the surface of MIP, (2) the compounds 
diffuse to the surface of MIP though boundary film, (3) the compounds diffuse 
further to the effective binding sites though the pathway inside the MIP, and (4) 
the uptake of the compounds on the binding sites. In this study, the kinetics 
was studied in static batch mode, and basic mass transfer mechanisms in batch 
adsorption were considered.  
 
In order to simplify the diffusion of target compound from bulk solution into 
the binding sites in MIP, two main mass transfer resistances should be 
considered. The first one is the resistance resulting from the diffusion 
resistance in laminar flow zone close to the surface of adsorbent and buffer 
zone occurred outside of the laminar flow zone. The diffusion resistance in the 
laminar flow zone would contribute considerable mass transfer resistance due 
to the molecular diffusion compared to the resistance offered by buffer zone.  
The second main resistance comes from the adsorbent particle itself. During 
the diffusion of solute molecules though the tortuous network of 
interconnected pores, a very sizable mass transfer resistance would occur until 
the solute reaches a vacant binding site. As expected, the smaller the diameter 
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of the adsorbent particle, the lower the mass transfer resistance inside the 
adsorbent particle. Adsorbent used in this study were sub-microparticle with a 
diameter about 0.2 μm. Therefore, the equilibrium time of adsorption could be 
reached relatively fast due to the small diameter.  
 
Another important characteristic relevant to the adsorption kinetics is the pore 
size and pore size distribution in MIP/NIP matrix. According to Table 4-1 and 
Fig. 4-4, the average pore diameters of MIP and NIP were 158.29 and 119.30 
Å, which belongs to the category of mesopores (20-500Å). It is known that in 
micropores with diameter lower than 20 Å, the molecular diffusion is slow due 
to capillary force (Sellergren et al., 1995). Therefore, the pore diameter in the 
MIP and NIP used would not raise much kinetics resistance regarding the 
molecular diffusion of target estrogenic compounds. The pore size distribution 
in MIP/NIP matrix also influenced the adsorption kinetics regarding 
distribution of the binding sites in the pores of MIP/NIP. The pore diameter 
from 20 to 100 Å contributed majority of pore size for MIP/NIP, which would 
not induce high diffusion resistance (Fig. 4-4). 
 
The molecular diffusion in laminar flow zone depends on the properties of 
both target solute and the adsorbent surface. Zeta potential test showed that the 
surface of both MIP and NIP were negatively charged. Correspondingly, the 
target compounds used in this research would not be influenced by 
electrostatic forces considerably at pH 6.5, at which the kinetics study was 
carried out. Due to the same reason, the diffusion inside the MIP particles 
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would not be influenced by electrostatic forces. However, once the target 
compounds came into a selective binding site, the hydrogen bonding would 
occur between the carboxyl group on MIP and phenolic group on target 
compounds. Fig. 4-36, Fig. 4-37, Fig. 4-38 and Fig. 4-39 show the results of 
kinetics study for E1, E2, EE2 and BPA. 
 
Fig. 4-36 Adsorption kinetics of E1.  
 
 





















































Fig. 4-38 Adsorption kinetics of EE2. 
 
 
Fig. 4-39 Adsorption kinetics of BPA. 
 
It is noted that the equilibrium time of adsorption for the four target 
compounds can be reached within 8 h. However, it is also noted that after 1 h 
of adsorption, the adsorption capacity could almost reach the maximum 
adsorption capacity at equilibrium. This suggested that the equilibrium of 
adsorption can be reached quite fast, which is a desirable property for practical 


























































compounds. It should be pointed out that the hydrophobicity is a primary 
driving force for the adsorption of hydrophobic substances. The target 
compounds in this study were all relatively hydrophobic compounds. This 
means that they had significant potential to be adsorbed onto solid surface in 
aqueous solution and consequently, they can be adsorbed fast. The results 
found in this study are consistent with others’ research results. For example, 
Zhao et al. (2008) researched BPA transfer rate in polyethersulfone hollow 
fiber membrane imprinted with BPA. The total adsorption capacity could 
almost be reached within 10 min, showing a fast adsorption performance 
regarding the kinetics of MIP adsorption. However, Yu et al. (2008) found 
that the equilibrium time for chitosan-based MIP was more than 20 h, 
suggesting significantly different properties of kinetics. This was attributed to 
the large number of micropores on the MIP surface by authors. Furthermore, 
the diameter of 2.3~3 mm of MIP used by Yu et al. (2008) could also 
contribute to the diffusion resistance, compared with the sufficient contact of 
BPA with the binding sites on hollow fibre.  
 
The adsorption kinetics with 0.2 µm in this study also supported the widely 
accepted view that the adsorption equilibrium can be reached fast with short 
diffusion distance in adsorbents. It is known that the transfer of target 
compounds depends on the mass transfer coefficients of these compounds, 
which have close relationships with molecular diffusion rate besides the 
specific diffusion environment (Kim et al., 2005 and Miyabe et al., 2000).  
Consequently, the different kinetics performance would inevitably result from 
the intrinsic diffusion properties of target compounds involved.  
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As mentioned previously, the uptake of target compounds on the binding sites 
would influence adsorption kinetics of MIP and NIP while the water molecule 
may interact with the carboxyl group though hydrogen bonding. Therefore, the 
replacement of water molecule by target compounds may affect the adsorption 
kinetics. The driving force of the replacement also depends on the hydrogen 
bonding between target compounds and carboxyl group in aqueous solution. 
In addition, the hydrophobic effect on the four target hydrophobic compounds 
would play a role in aqueous solution. In other words, the selective adsorption 
of these estrogenic compounds relies on the maximum change of Gibbs energy 
when water molecules, target compounds and the carboxyl groups as well as 
the micro-environment of binding sites are present together. The study on the 
strength of hydrogen bonding and the hydrophobic effect could indicate how 
the uptake of target compounds on binding sites influences the adsorption 
kinetics.  As a result, what factors influencing the kinetics of MIP/NIP used in 
this study, the diffusing resistance or the uptake of target compounds on 
binding sites, can be revealed to some extent. 
4.9 Regeneration of MIP  
Successful regeneration of an adsorbent is the precondition for its practical 
application. In this study, whether the adsorption capacity and the selective 
adsorption capacity of MIP used can be effectively regenerated was 
investigated.  One of the regeneration methods is to desorb the target 
compounds absorbed and specifically in this study, to desorb the four 
estrogenic compounds absorbed by the eluent, the mixture of methanol and 
water (v/v of 1:1). It is known that the conformational structure of selective 
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binding site is essential for the selective adsorption. However, the regeneration 
eluent used was organic solvent-aqueous solution, in which the organic 
solvent, methanol, could solvate the polymer chain. This may influence the 
conformational structure of selective cavity though salvation effect. After 
many times of regeneration, whether the selective binding capacity can be kept 
the same should be studied.  
 
Generally, the more the organic solvent, the higher the regeneration efficiency 
is. This is because more target compounds can be dissolved and the swelling 
effect of MIP/NIP particles may facilitate the desorption. However, in this 
study, the eluent was composed of the methanol and water in a volume ratio of 
1 to 1. This depended on the immobilization method, the PVA-boric acid 
method. PVA is a highly hydrophilic molecule. In aqueous solution, the 
immolilized MIP/NIP beads were perfect spheres (Fig. 4-5). However, once 
put in methanol, dehydration will occur and the sphere will strikingly shink 
into an amorphous particle, which would influence regeneration rate due to the 
increased diffusion resistance inside the shinked particles. Therefore, a 
mixture of methanol and water was used to regenerate the MIP. On the one 
hand, the eluent would not lead to the dehydration of PVA beads and the 
corresponding decreased regeneration rate and on the other hand, the methanol 
in the eluent still can dissolve the target compounds absorbed and regenerate 
the MIP. The optimization of eluent composition was not carried out in this 
study. 
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4.9.1 Regeneration of immobilized MIP 
Fig.4-40, Fig.4-41, Fig.4-42 and Fig.4-43 show the regeneration of E1, E2, 
EE2 and BPA absorbed with immobilized MIP and NIP. All the regeneration 
processes of the four target compounds show a similar trend. It is obviously 
that the immobilized MIP and NIP can be regenerated effectively and 
successfully after thee static batch of regeneration, regarding the adsorption 
capacity and selective adsorption capacity. It is also noted that the first batch 
of regeneration can desorb more than 95% of the target compound absorbed 
while the second and the third batches of regenerations would desorb the 
remaining compounds in the immobilized matrix. After thee batches of 
regeneration, the immobilized MIP and NIP can be completely regenerated. 
The driving force for the regeneration depends on the difference of solubility 
of target compounds in aqueous solution and organic solvent. The four target 
compounds are hydrophobic molecules having a low solubility in aqueous 
solution, but can be easily dissolved by organic solvent. So, in the 
regeneration with the mixture of water and methanol, the target compounds 
absorbed can be desorbed because methanol molecules can dissolve these 
compounds much more easily than water molecules. The regeneration process 
also suggested that the immobilized MIP and NIP are quite stable and can bear 
the regeneration conditions. According to Table 4-12, the recoveries of 
immobilized MIP for E1, E2, EE2 and BPA were 97.1, 102, 99.1 and 101.4%, 
respectively. In contrast, the recoveries of immobilized NIP for E1, E2, EE2 
and BPA were 100.9, 106.6, 103.2 and 105.9%, respectively.  
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Fig. 4-40 Regeneration for E1 adsorption. 
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Fig. 4-42 Regeneration for EE2 adsorption. 
 
 
Fig. 4-43 Regeneration for BPA adsorption. 
Table 4-12 Recovery of target compounds. 
 
Recovery 
(%) MIP NIP 
E1 97.1 100.9 
E2 102.0 106.1 
EE2 99.1 103.2 
BPA 101.4 105.9 
 
Fig. 4-44, Fig. 4-45, Fig. 4-46 and Fig. 4-47 show the adsorption capacities of 
immobilized MIP and NIP for the four target compounds after regeneration. 
As shown, with 3 times’ effective regeneration mentioned above, the 
adsorption capacities of immobilized MIP/NIP did not change significantly 
after repeating 6 times’ adsorption while the selective adsorption capacity of 
MIP was also kept. Specifically, the adsorption capacities and selective 
adsorption capacity of immobilized MIP and NIP of MIP for E1, E2, EE2 and 
BPA ranged from 100.0 to 105.8, 100.0 to 111.6, 117.0 to 131.6 and 57.1 to 
70.8 µmol/g, respectively, while the NIP adsorption capacities for the four 
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62.2 µmol/g correspondingly.  This demonstrated that the immobilization was 
successful and effective, and consequently, the immobilized MIP and NIP can 
be used repeatedly. Furthermore, the immobilized MIP and NIP were stable 
under the regenerating condition used in this study.  
 
What is more important is that the selective binding sites were not influenced 
adversely, either. This is mainly due to the stable chemical and mechanical 
property of MIP and NIP.  Meng et al. (2006) obtained almost the same 
adsorption capacity after five repeat cycles, suggesting almost 100 % of 
regeneration efficacy. Similarly, Lin et al. (2008) found a good regeneration 
capability of MIP and illustrated that MIP could be used repeatedly at least 30 
times without losing adsorption capacity after regeneration with methanol, 
meaning a high regeneration efficiency. Objectively, many factors may 
influence the regeneration efficiency, such as the volume ratio of methanol to 
water, temperature, pH, ionic strength and so on. However, this study just 
focused on whether the MIP synthesized in this study can be regenerated. The 
optimization of regeneration was not considered. In this sense, the selective 
adsorption capacity of MIP synthesized in this study can be effectively 




Fig. 4-44 E1 adsorption capacity of immobilized MIP and NIP. 
 
 
























































































Fig. 4-46 EE2 adsorption capacity of immobilized MIP and NIP. 
 
 
Fig. 4-47 BPA adsorption capacity of immobilized MIP and NIP. 
 
4.9.2 Adsorption study of immobilized MIP 
After the regeneration study, the adsorption capacities of immobilized MIP 
and NIP was compared with bare MIP and NIP in order to illustrate whether 
the immobilization will influence the adsorption capacity of MIP/NIP. Fig. 4-
48, Fig. 4-49, Fig. 4-50 and Fig. 4-51   show the adsorption capacities of both 
bare MIP/NIP and immobilized MIP/NIP. 
 
























































































































































































It is noted that the adsorption capacity of bare MIP was slightly higher than 
that of immobilized MIP for E1, E2 and EE2 except that they were roughly the 
same for BPA. The adsorption capacities of bare MIP for E1, E2, EE2 and 
BPA were 105.6, 110.6, 124.7, 64.7 µmol/g, respectively, corresponding to the 
adsorption capacities of 103.8, 105.8, 122.6 and 64.8 µmole/g by immobilized 
MIP for the four compounds. In contrast, the difference in adsorption 
capacities of immobilized MIP and NIP was slightly lower than that in 
adsorption capacities of bare MIP and NIP. The difference between 
immobilized MIP and NIP for E1, E2, EE2 and BPA were 8.0, 10.6, 8.8 and 
8.3 µmole/g, respectively, while the corresponding difference between bare 
MIP and NIP were 13.9, 18.4, 13.0 and 9.8 µmole/g, suggesting the selective 
adsorption capacity was slightly but not obviously  influenced by 
immobilization. This could be interpreted according to the morphology of 
MIP/NIP in PVA matrix (Fig. 4-5). The surface of MIP/NIP particles inside 
the immobilized beads were partly coated with PVA matrix. On the one hand, 
most of the selective binding sites of MIP and NIP, on the surface or inside of 
the MIP/NIP, were still accessible for target compounds and target compounds 
could still get into these binding sites inside the MIP/NIP.  On the other hand, 
part of the binding sites, including selective binding sites on the surface of 
MIP, could be covered by PVA matrix. Furthermore, some entrances of 
pathway of selective binding sites inside MIP may also be blocked by PVA 
matrix and these may lead to the reduced selective adsorption capacity.  
 
The results above suggest that immobilized MIP had slightly lower selective 
adsorption capacity and resulted in reduced difference between immobilized 
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MIP and NIP. This result shows that immobilized MIP can still keep most of 
the selective adsorption capacity and can be handled conveniently compared 
with bare MIP for practical application. Le Noir et al. (2007a) embedded 
MIP/NIP into PVA macroporous gel. They found that with a 2 L of E2 
aqueous solution applying to the immobilized MIP and NIP, complete 
recovery, 104±9%, of E2 was achieved for MIP while only 49±4% of E2 was 
obtained for NIP correspondingly. Unfortunately, no comparison between bare 
MIP/NIP and immobilized MIP/NIP was carried out in their study. 
4.10 Comparison of MIP and powder activated carbon 
Activated carbon adsorption is of broad spectrum adsorption without 
selectivity. It was used to remove estrogenic compounds (Birkett et al., 2003; 
Zhang et al., 2005 and Fukuhara et al., 2006). According to the adsorption 
isotherms obtained by Fukuhara et al. (2006), the E2 adsorbed by commercial 
activated carbon could be reduced to about one-third in sand-filtered water and 
one-thousand in river water and secondary effluent compared to the removal 
efficiency in pure water due to the existence of competing substances. In 
contrast, MIP was confirmed having selective adsorption capacity for 
estrogenic compounds. In order to further demonstrate the selective adsorption 
capacity of MIP, effect of HA on the adsorption of EDCs by MIP and PAC 
was compared in this subsection.  
 
Fig. 4-52 shows the adsorption capacities of PAC and MIP for the four target 
compounds with and without HA. According to Fig. 4-52, without the 
presence of HA, the adsorption capacities of PAC for E1, E2, EE2 and BPA 
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were 343.9, 312.6, 288.3, 366.5 μmole/g, respectively. However, with the 
presence of HA of 20 mg/L, the adsorption capacity of PAC for the four target 
compounds were 260.0, 271.3, 276.3, 315.2 μmole/g, respectively. This 
demonstrates that with the presence of HA, the adsorption capacity of PAC for 
the four estrogenic compounds was reduced. It could be attributed to the fact 
the HA can be absorbed by PAC and consume part of the adsorption capacity 
of it, leading to reduced adsorption capacity for the four estrogenic 
compounds. Fukuhara et al. (2006) studied the adsorbability of E2 by 
activated carbon. It was found that the adsorption capacity of activated carbon 
for E2 could be up to about 360 µmole/g with equilibrium concentration of 
about 9 µg/L in pure water, close to the adsorption capacity of PAC for E2 in 
this study. However, in secondary effluent of municipal sewage treatment 
plant with E2 equilibrium concentration of 1 ng/L, the adsorption capacity was 
only about 0.0037 µmole/g while the corresponding adsorption capacity, 
calculated by extrapolation of the adsorption isotherm in pure water was up to 
15.1 µmole/g with the same E2 equilibrium concentration, demonstrating a 
striking influence of competing substances (Fukuhara et al., 2006).  
 
In comparison, the adsorption capacity of PAC in this study was not 
influenced by competing substances as so much as that in Fukuhara et al. 
(2006) ’s study. This could be mainly attributed to only 20 ppm of HA in TOC 
used as the competing substances in this study. However, in Fukuhara et al. 
(2006) ’s study, the organic substances in secondary wastewater were used as 
competing substances. It is well known that the secondary effluent was 
composed of a complex mixture of fats, proteins, sugars, carbohydrates and 
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humic material with different molecular sizes which could be up to more than 
100,000 Daltons (Birkett et al., 2003 and Lyko et al., 2007). The average 
value of CODMn of the secondary effluent used by Fukuhara et al. (2006) was 
11 ppm and the ratio of competing organic substances to E2 in it was over one 
million to one, which were considered to contribute to the striking influence of 
competing substances mentioned above (Fukuhara et al., 2006). Those 
competing substances in the secondary effluent were believed to reduce the 
adsorption capacity of activated carbon though two mechanisms, binding site 
competition and pore blockage. This point was supported by the study on the 
effect of HA on adsorption of micropollutant, trichloroethylene, by activated 
carbon. The trichloroethylene adsorption capacity of activated carbon 
preloaded with HA was most greatly reduced with HA having molecular 
weights less than about 1,400 g/mol as polystyrene sulfonate. In addition, the 
activated carbon preloaded with humic mixtures in which lower molecular 
weights predominated had the lowest adsorption capacity for trichloroethylene 
(Kilduff et al., 1998).  
 
It should be emphasized that adsorption capacities of PAC for the four target 
compounds were about 3 times higher than those of MIP in this study. This is 
due to the about 10 times higher specific surface area of PAC than that of MIP 
(Table 4-1 and 4-6). In comparison, there was no obvious adverse effect of 
HA on the selective adsorption of MIP for the same estrogenic compounds 
within the range of HA concentration of 0 to 20 mg/L. This illustrated clearly 
that HA can consume some of the adsorption capacity of PAC. This study 
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Chapter 5 Summary, conclusion and 
recommendations 
5.1 Summary 
In this research, selective adsorption of estrogenic compounds by molecular 
imprinted polymer (MIP) was studied. The objective of this research was to 
synthesize a kind of qualified MIP and non-template imprinted polymer (NIP) 
and to study whether MIP could be used to effectively remove estrogenic 
compounds from aqueous solution and what factors influenced the removal of 
these compounds. The outcome of this research obtained is described below. 
 
 
MIP was utilized to remove selectively estrogenic compounds from aqueous 
solution. The results in this study provide the basic adsorption performance of 
MIP in removing the estrogenic compounds E1, E2, EE2 and BPA. A physical 
adsorption model containing thee types of binding sites was proposed to 
interpret the selective adsorption mechanisms according to the adsorption 
performance. Basing on the model, the adsorption mechanism was studied 
with static gradient desorption. Thereafter, the effects of environmental factors 
including HA, pH, ionic strength and competing estrogenic substances on the 
selective adsorption of MIP were studied. The adsorption kinetics was then 
studied in order to show the equilibrium time of MIP adsorption in aqueous 




5.2.1 Adsorption isotherm and modeling 
MIP based on precipitation polymerization was synthesized and confirmed by 
adsorption experiment in acetonitrile. The result showed that the MIP could 
absorb 0.72 µmole/g polymer of E2, about 5 times higher than that absorbed 
by NIP, which means that the MIP polymerized was a qualified MIP. 
Correspondingly, the adsorption capacities of MIP for E1 and EE2 were 0.11 
and 0.12 µmole/g polymer, respectively. The adsorption performance of MIP 
in aqueous solution was further studied systematically. In aqueous solution, 
the adsorption capacities of MIP for E1, E2, EE2 and BPA were up to110.4, 
105.5, 121.8 and 59.4 µmole/g polymer according to the adsorption isotherms, 
respectively, while the corresponding adsorption capacities of NIP were 104.3, 
87.3, 109.6 and 52.9 µmole/g polymer, respectively. It can be concluded that 
the adsorption capacities of both MIP and NIP in aqueous solution were 
enhanced significantly compared to that in acetonitrile solution. This was 
mainly due to the hydrophobic effect because the four target compounds, E1, 
E2, EE2 and BPA, are hydrophobic molecules. However, it must be 
emphasized that in aqueous solution, the adsorption capacity of MIP for target 
compounds, E2 for example, was only about 17 % higher than that of NIP.  
This was much lower than the 5 times higher adsorption capacity of MIP than 
NIP for E2 in acetonitrile solution. This demonstrated a reduced selectivity in 
aqueous solution. This was also mainly due to the strongly hydrophobic 
properties of the target estrogenic compounds as well as the hydrophobic 
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surface of MIP/NIP. As such more nonselective adsorption occurred. In brief, 
the results above demonstrated that MIP possessed some selectivity in aqueous 
solution although the selectivity of MIP was adversely influenced in aqueous 
solution.  
 
The adsorption isotherms of target compounds were modeled with Langmuir 
and Freundlich isotherms. It was found that both could simulate the adsorption 
isotherms with R
2
 above 0.95 within the range of concentration tested although 
the two models have clear different physical meaning. Simulation by 
Langmuir model implied that the binding affinity of MIP may not as high as 
expected due to the heterogeneity of binding sites while the Freundlich model 
confirmed that MIP used in this study had a heterogeneous surface. 
 
5.2.2 Physical adsorption model 
Based on the adsorption performance in aqueous solution, a physical 
adsorption model was proposed to explain the mechanisms of adsorption 
performance. According to this model, the binding sites of MIP could be 
classified into thee types: specific adsorption, semi-specific adsorption, and 
non-specific adsorption. For the specific adsorption binding site, only template 
molecules could be bound while non-specific binding sites could bind other 
molecules, resulting from the hydrogen bonding, hydrophobic interaction and 
van der Waals force occurred in aqueous solution. The semi-specific 
adsorption could result in both specific adsorption and non-specific 
adsorption, but compounds with phenolic benzene-ring had the priority to be 
bound due to the specific configuration of the binding cavity. This is the basis 
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in the removal of estrogenic compounds using MIP based on the recognition 
of template molecules and a particular part of molecular structure of a group 
of estrogenic compounds, the phenolic benzene-ring. This model can be used 
to explain why the adsorption difference for E1, EE2 and BPA between MIP 
and NIP was less than that of E2.   
5.2.3 Selective adsorption ratio 
In order to evaluate quantitatively how many template molecules extracted out 
of MIP could create selective binding capacity of MIP, SAR, an experimental 
concept, was proposed. The SAR of the MIP used in this study for E2 was 
74.3 % and the SARs for E1, EE2 and BPA were lower than that for E2. This 
concept could be used to compare different MIPs generated from different 
laboratories and with different synthesis methods. Furthermore, the static 
gradient desorption of the four target compounds illustrated the difference of 
binding affinities of binding sites on MIP.  
 
5.2.4 Effect of environmental factors 
 
After the research on the fundamental adsorption performance, the effect of 
humic acid, pH, ionic strength and competing estrogenic compounds on the 
adsorption of target compounds was further studied. The study showed that the 
humic acid had no obvious effect on the selective adsorption of MIP. This may 
be because humic acid, with large molecular weight cannot enter the selective 
binding sites in the MIP. The study on the effect of pH showed that from pH 
3-9, the adsorption capacity and the selective adsorption capacity of MIP for 
target compounds were not influenced. However, the adsorption capacity and 
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selective adsorption capacity decreased significantly at pH 11. This is because 
the pH would influence the existing state of carboxyl group on MIP and the 
target compounds in aqueous solution. As for the effect of ionic strength, no 
effect was found for E1, E2 and BPA except EE2. This is because adding salt 
in aqueous solution will increase the hydrophobic effect and would increase 
the adsorption capacity of MIP for highly hydrophobic molecules. However, 
the selective adsorption capacity of EE2 was not influenced significantly. The 
study of competing estrogenic compounds demonstrated that the adsorption 
capacity for a certain target compounds will decreased. Compared with the 
adsorption capacities of MIP for E1, E2, EE2 and BPA, the corresponding 
adsorption capacities for the four compounds under competing conditions 
were 71.7, 76.0, 97.8, and 41.2 µmole/g, respectively. Furthermore, the 
selective adsorption capacity was also influenced. When separately absorbed, 
the differences of adsorption capacities between MIP and NIP for E1, E1, EE2 
and BPA were 12.6, 18.2, 13.0, and 9.8 µmole/g, respectively. In comparison, 
the differences for E1, E1, EE2 and BPA under competing conditions dropped 
to 8.8, 6.8, 10.2, and 4.2 µmole/g. This suggested that the selective adsorption 
sites would be occupied by the other estrogenic compounds, which is the 
intrinsic property of selective adsorption. 
  
5.2.5 Adsorption kinetics  
The research in this aspect revealed that within 15 min, the adsorption 
capacity of MIP could almost reach 90% of the total adsorption capacity under 
the experimental conditions used in this study. This is mainly because the 
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diameter of MIP in aqueous solution was only 0.2 µm, which provided less 
resistance for target compounds moving towards the binding sites in MIP.  
 
5.2.6 Regeneration 
Regeneration study was also carried out with the immobilized MIP and NIP 
using PVA-Boric immobilization method. The immobilized MIP and NIP 
were regenerated with the mixture of methanol and ultra-pure water in the 
volume ratio of 1:1. The regeneration was carried out in the mode of static 
desorption and thee batches of desorption were employed in the regeneration. 
The results showed that the first batch of regeneration can recover 95.8 of E1, 
100 of E2, 96.5 of EE2 and 99.7% of BPA. After thee batches of desorption, 
the immobilized MIP and NIP can be regenerated successfully with the total 
recovery of E2, E2, EE2 and BPA by 97.1, 102.0, 99.1 and 101.4%, 
respectively. The driving force of the regeneration for the four target 
estrogenic compounds depended on the solubility difference of these 
compounds in aqueous solution and in organic solvent. The regeneration study 
revealed that immobilized MIP and NIP can be regenerated effectively and 
successfully.  
 
5.2.7 Comparison of MIP and PAC 
The adsorption performance of MIP and PAC for target estrogenic compounds 
was compared though the effect of HA in order to show the selective 
adsorption of MIP. Research showed that, without the presence of HA, the 
adsorption capacities of PAC for E1, E2, EE2 and BPA were 343.9, 312.6, 
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288.3 and 366.5 μmole/g, respectively. However, with the presence of HA of 
20mg/L, the corresponding adsorption capacities were reduced by 83.9, 41.3, 
11.9 and 51.2 µmole/g, respectively. This is because HA can be absorbed by 
PAC and consume some of the adsorption capacity of PAC. In contrast, HA 
could not influence both adsorption capacity and the selective adsorption 
capacity of MIP significantly as mentioned before. This clearly shows that 
MIP used in this study had the function of selective adsorption for target 
estrogenic compounds. 
5.3 Recommendations 
In this study, MIP, an adsorbent developed in the field of material research, 
was imported and used in the field of water treatment. The objective of this 
study is to show whether MIP can remove selectively hydrophobic estrogenic 
compounds from aqueous solution. The results showed that MIP was a kind of 
promising adsorbent for that purpose. However, what is more important is that 
this research revealed which properties of MIP should be further improved 
according to the experimental results in order to achieve satisfactory selective 
adsorption performance of MIP. Therefore, engineering study should propose 
new challenges for MIP material research, especially for material which is still 
in the stage of research.  
 
According to the adsorption isotherm study in aqueous solution, large amount 
of non-specific adsorption can occur, showing a poor selectivity for all the 
four target estrogenic compounds. This was partly due to the hydrophobic 
interaction in aqueous solution, indicating that MIP can absorb some 
 178 
substances with low solubility in water besides estrogenic compounds. 
Therefore, how to reduce non-specific adsorption significantly is a primary 
precondition aiming at the enhancement of selective adsorption of MIP. On 
the other hand, the selective adsorption capacity of MIP should also be 
enhanced. Selectivity of MIP depends on both the MIP itself and the property 
of target compounds as well as the media, where the adsorption occurs. In 
short, that is to decrease the non-specific adsorption and increase the specific 
adsorption. One of the methods reducing the non-specific adsorption is to 
make the surface of MIP hydrophilic and consequently reduce the adsorption 
of hydrophobic compounds onto the surface of MIP. As for the increase of 
specific adsorption capacity, it depends on the amounts of complex formed by 
template molecule and functional monomer during the polymerization. 
Obviously, how to increase the complex depends on the synthesizing 
principles developed in material field.   
 
The preparation of material with the function of molecular recognition is a 
challenging topic. Biological engineering can biologically produce natural 
antibody with the function of molecular recognition. Similarly, MIP synthesis, 
a process in the field of chemical engineering, has been studied widely. 
However, whether desirable selective adsorption capacity can be obtained is 
still a challenging topic. This suggests that MIP preparation based on new 
synthesizing principle of molecular recognition may be needed. 
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The mechanism study used in this study is static gradient desorption. 
However, this method can only differentiate the binding affinity between non-
specific adsorption from the specific and semi-specific adsorption. This 
method, however, cannot clearly identify the difference of binding affinity 
between the specific and semi-specific adsorption. Therefore, the mechanism 
study, or the identification of specific interaction between target compounds 
and the selective binding sites, should be researched further, especially when 
considering the different binding affinities within each type of the adsorption, 
non-specific adsorption, specific adsorption and semi-specific adsorption. This 
is a great challenge in the field of molecular recognition.  
 
In this study, the effect of environmental factors on the selective adsorption of 
MIP was studied. However, the effect of these factors on the kinetics of MIP 
adsorption and regeneration was not carried out, which should be paid 
attention to when MIP will be practically used in real water matrix.  
 
In this study, the difference between the MIP and NIP adsorption capacity was 
not significant. Generally, the difference can be statistically analyzed and 
confirmed whether the difference is significant or not, for example t-test. The 
application of t-test has a precondition that the two sets of samples tested 
should follow normal distribution and the samples in each set should be 
sufficient and come from the same population. This is because only with this 
condition, the t statistical parameter follows the t-distribution. However, in 
this study, the experiment was carried out in duplicate and the amount of 
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samples in each set, MIP and NIP, was only two. Therefore, t –test is not 
suitable in this study. In order to use t-test to identify the difference, more 
experiments should be done. 
 
Finally, how to identify the selective adsorption of target compounds based on 
the molecular recognition is also important because no reliable methods can be 
so far employed for the recognition of target compounds by MIP.  After all, 
the difference in adsorption capacity between MIP and NIP is just an indicator 
as the selective adsorption capacity. From the viewpoint of engineering, it may 
be accepted due to its simplicity in practical application. However, from the 
scientific point of view, it is just a rough estimation. This target is the 
identification of the heterogeneity of binding sites on MIP because the 
properties of selective binding sites were considered to be different. Therefore, 
new methods must be developed in order to characterize the properties of 
binding sites, including the size of cavity, and micro-environment inside the 
selective binding sites. On the contrary, without the effective characterization 
of binding sites, the selective adsorption has to stay in the stage of assumption. 
Only with the success of the identification of the heterogeneity of the binding 
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